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PREFACE TO PART II. 



The second part of this treatise has been compiled for the use of 
officers, Royal Engineers, completing the full course of insti'uction at 
the School of Military Engineering. 

In the former part of the treatise, among other subjects, the 
consideration of influences brought to bear on supported beams and 
cantilevers has been considered. In this the more complicated 
questions of fixed aiid continuous beams, and the effect of rolling 
loads are first investigated, after which the application of all the 
foregoing principles to different types of bridges is discussed and 
exemplified. 

In addition to bridges, the subjects of retaining walls, reservoir 
dams and sea defences are dealt with. This completes the list of 
those problems in structural engineering which, as a rule, engineers 
of the army of Great Biitain may have to solve. 

No apology need be offered for devoting a considerable portion of 
this work to the construction of bridges, for it will be universally 
admitted to be of special impoiUmcc to engineers of the British 
army. 

It may be here pointed out that the bridges which English 
military engineers have to construct are not those which, as a rule, 
civil engineers have to consider. They are rather of a light or 
scn)i-perraanent character, as compared with the railway bridges 
usiiJiUy required in civil life ; but although the materials arc different, 
the same principles are involved. Since it is rare that precedents 
can be followed, it is imperative that if the best work is to be done 
under any given circumstances, the engineers should know all the 
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varieties of principle so as to select the best type for use in a given 
case. 

Among recent campaigns that of Chitral, where neariy every 
conceivable type of bridge was constructed, affords evidence of the 
truth that thorough efficiency in this branch of engineering can only 
be obtained by an extensive knowledge of principles. 

The examples of bridges in this work are taken as far as possible 
from those designed and built by Royal Engineer officers. It is not 
intended that these bridges are necessarily the best illustrations of 
the principles involved, but at least they show how the principle in 
question can be, and has been, successfully applied. Thus the 
Hurroo bridge illustrates the principle of the strutted beam, the 
i>arra bridge that of the bowrstring girder, the Wangtu bridge that 
of the cantilever and the H<i^ truss. Sir John Ardagh's bridge that 
of the bascule type, Majar Bate's portable bridge the braced 
girder with parallel flanges, the Jumna bridge the suspension 
principle. It is true that the example of the Fribourg suspen^ ion 
bridge is an exception to the general rule, but that celebrated 
structure was constructed under conditions so strongly resembling 
those jinder which all Royal Engineer officers might ordinarily have 
to work, that it has been taken as an example. 

Although it is not possible to do much more in a work of this sort 
than merely compile information from existing publications, yet 
there are a few points which are here published for the first time, 
and are little known to English engineers. For instance, in the 
first chapter is given a series of graphic solutions of problems of 
fixed beams evolved by Major J. R. L. Macdonald, R.E. In 
another chapter is given Colonel Pennycuick's original and inter- 
esting views on masonry dams. Elsewhere in the book there are 
several new applications of old methods. Everywhere endeavour 
has been made to substitute graphic for purely mathematical 
investigation. 

As in the former part of the trciitise, so in this, mathematical 
proofs are given as far as possible in appendices to the chapter 
dealing with the subject concerned. It has not been possible to 
give such proofs in every case, however, because this would have 
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involved, in some instances, a greater space than could be afforded ; 
nor has it always been possible to relegate such proofs to the 
appendices, because to have done so would have destroyed some- 
times the point of a demonstration. But the principle has been 
adhered to in most instances. 

The assistance given to the author by the following officers is 
most gratefully acknowledged : — 

Major-Geneiul Sir J. C. Ardagh, K.C.I.E., C.B., for permission to 
quote his description of the equilibrium bridge, and to reproduce 
the illustrations connected with it. 
Colonel Pennycuick, C.S.I., RE., for examining the chapter dealing 

with masonry dams. 
Major H. D. T^ove, R.E., for permission to quote from articles 

written by him on the elastic curve of loaded beams. 
Captain J. I. Lang, C.M.G., K.E., for having carefully revised 
the MSS., and for many valuable suggestions, especially in 
connection with bridge design. 
Captain and Brevet Major J. R. L. Macdonald, R.E., for a paper 
containing investigations on the subject of fixed and continuous 
beams, alluded to above. 
Captain E. M. Paul, K.E., for having given much assistance in 
the correction and examination of the text. 
The following books have been consulted : — 
General Wray, C.M.G., R.E., Some Applmitions of Theorij to the 
Pniriice of Condrudiou. 

Professor Raiikine s Civil Emjineennfj. 
„ „ Applied Merhanic.<. 

vProfcssor CotterelFs Applied Meduinics. 
Professor De Lanza's Applied Mechmirs. 

Professor Johnson, Turneaure and Bryan's Theory ami Pradur of 
Modern Framed Strudnrea. 

Pi-ofessor Warren's Engineering Construrtion in Iron, Steel and 
Timber. 

Professor Claxlon Fidler's Bridge Condrudion. 
Professor Baker's Maaonrij Construction, 
Mr. Anglin's Design of Stradurcs. 
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Mr. Patton's Civil Engineering, 

Mr. FitzMaurice's Plate Girder Bridgea, 

Mr. Stevenson s Harbours. 

Mr. Shield's Harbour Qonstructvm. 

Mr. Tarn's Mechanics of ArcJiitecture. 

Messrs. Tudsbery Turner <fe Brightmore's Principles of Jf^atei'works 
Engineering, 

M. Pascal's Traitd Pratique des Ponts M^talliques. 

M. Petit's Aide Mdnwire des Ponts et Cluiussies. 

Tlie Roorkee Treatise of Ciril Engineering, 

The Pocket Books of Trautwine and Moles worth. 

Proceedings of the Institution of Ciril Engineers. 

R.E. Professional Papers, etc. 

The publication of the plates illustrating the Hurroo, Barra, and 
Wangtu bridges is sanctioned by the Secretary of State for India. 
The War Office has sanctioned the publication of the plate illus- 
trating Major Bate's principle of braced girders. 

G.K.S.-M. 

Cluitham, February^ 1898. 



CONTENTS. 



CHAITER I. 

Fixed and Continuous 6kam8. paoe. 

Fixed Beams. — Definitions. — Advantages. — Major Macdonald's Ora- 
phic Methods of Solution. — Various Cases. — Continuous Beams. — 
Advantages and Disadvantages. — Theorem of Three Moments. — 
Graphic Solutions. — Mr. Claxton Fidler's Method. — Appen- 
dices 1 

CHAFrER II. 

Effect of Rolling Loads on Beams. 

Conventional Methods of Considering Loads. —Dynamic Effect. — 
Unit Loads in English Railways. — Static Effects in Various 
Cases. — Examples. — Lateral Effect. — Centrifugal Forces. — Wind 
Pressure. — Impact in Rolling Loads. — Appendix ... ... ... 43 

CHAPTER III. 

PlaATE OlRDEKS OF IroN AND StkEL. 

Method of Construction and Calculation. — Market Sizes of Iron and 
Steel. — Practical Considerations of Depth, Width, et<;. — Steps 
to be taken in Design. — Graphic Methods. — Theoretical Objec- 
tions Discussed. — Example. — Various Forms of Bridge Floors. — 
Appendix fio 

CHAPITER IV. 

Trussed and Strutted Bkams. 

The Design of Simple Braced Structures. — Deformation and Redun- 
dant Bars. — Triangidar Trussed Beam. — Trussed Beam with two 
Struts. — Effect oi Bracing and Counter-Bracing.— Strutted 
Beams. —Deflection in Braced Structures. —General Remarks on 
Trussed Beams. — Appendix ... . . ... ... . . ... 9o 

CHAPTER \. 

Braced Girders with Parallel Flan^jes. 

Alternative Methods of Enquiry. — Types usually found in Practice. — 
Methods of Investigation.— Simple Method for Symmetrical 
Loatls. — Rules for Ascertaining Stresses. — Application of Rules 
to Cantilevers. — Fixed and Continuous Braced Girders. — Un- 
symmetrical and Rolling Loads. — Calculation of Strength of a 
pi von Braced Ginler. — Example of Simple Road Bri<lge.— 
Major Bate's Portable Bridge** 1 Ki 

CHAPTER VL 

BOWSTRINO (ilKDERS AND ArCIIED RiRS. 

Eoonomy of Bowstring CJirders. — Uniform Loads. — Diagonal Bracing 
necessary with Rolling Loads. — Example of Bowstring Bridge 
subject to Passing Loads. — Barra Bridge. — Hog-back Girders. — 
Arched Ribs. — landing Moments. — Relation between Equili- 
brium Polygon and Stresses at any Section. — Braced Iron 
Arches. — Appendix 144 



Vlll. 

CHAPTKR VII. 

SrSPKNSION BKirXiKS. PACE. 

Advantages for Military Work. — Disadvantages. —Stress in Cable 
for Uniform Loa^l. — Position of Maxinuini Shear and Bending 
Moments. — Direction and Pull on Anchorage. — Methods of 
Stiflfening Roadway. — Method of Stiffening Cables. — Details of 
Construction. — Appendices ... ... . . .. ... .. 162 

CHAPTER VIII. 

Cantilever Bridqes amd Movable Bridges. 

Cantilevers.— Use in Military Work. — Example. — Bascules.— Swing 

Bridges. — Drawbridges. — Floating Bridges ... 192 

CHAPTER IX. 

Bridge Piers ok Timber and Iron. 

Various Fonnsof Piers for Bridges. — External Forces. — (ieneralForm 
of Design. — Stresses in Various Members. — Details of Con- 
struction 202 

CHAPTER X. 

Arches and Domes. 

Difficulties attending Investigation. — Definition of Terms. — Parabolic 
Theory. — Principle of Wedge. — Line of Resistance. — Schcttier's 
Thoorj\ — Example. — Abutments. — Domes 213 

CHAPTER XI. 

Retaining Walls. 

Uncertainty of the Subject. — Practical Considei'ations. — Professor 
Rankine's Theories. — Subsequent Mpdifications. — Wedge 
Theory. — (Iraphic Representations. — Examples. —Appendix . . . 250 

CHAPTER XII. 

Reservoir Dams. * 

Practical Points in Construction. — History of the Theory of Design. — 
Summar^^ of the Main Principle of Design. — The Pressure of 
Water at rest. — General Wray's Method. — Sir Guilford 
Molesworth's Formula?. — Messrs. Tudsbery Turner & Bright- 
more's Theories. — Arched Dams. — Abutment Walls of Service 
Reservoirs. — Appendix ... ... ... ... 274 

CHAPTER Xlll. 

Sea Defences. 

Materials. — Action of Sea- water on Concrete. — Timber. — Cast Iron. — 
Wrought Iron. — Wave Action.— Classes of Waves. — Forces Pro- 
duced by Waves. — Internal Destructive Forces of Structures. — 
Design of Piers in Plan. — Section of Piers. — Various Methods of 
Construction 298 



THE PRINCIPLES OF STRUCTURAL 

DESIGN. 



PART II. 



CHAPTER I. 



Fixed and Continuous BE.iMs. 

Fixe<IBeams.— Definitions.— Advantages.— Major Macdonald's Graphic Methods 
of Solution. — Various Cases. — Continuous Beamn. — Advantages and 
Disadvantages. — Theorem of Three Moments.— (iraphic Solutions. — 
Mr. Claxton Fidler's Method. — Appendices. 

When a beam is supported as in Fig. 1, and is not deflected by any Fixed Be.\] 
load on it, the ends AC, BD will be vertical. If a load of any sort 
l)e placed on the beam, the ends will no longer be vertical, but will 
lie inclined towards each other, as in Fig. 2. 





Fig. 2. 
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jfinition. 



If the beam be supposed to be lengthened at each end, and 
weighted at those ends, or held down by fastenings, so that the ends 
still remain vertical, the beam is said to be fixed, and the bending 
will take place as in Fig. 3, where the end parts nearest the 
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Fig, 3. 



rect stresses. 
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k-flexure. 



fastenings are in " hogging," and the middle part in " sagging," 
curvature. The effect of the fixing is to make the tangent to the 
deflection curve at the fixing horizontal. 

If the fastening be insufficient, it is evident that the end sections 
will assume an inclined position, but not so much inclined as when 
they are supported only. Such beams are said to be partially, or 
imperfectly, fixed. It is generally customary to treat such beams as 
supported only, although there is no doubt that they are stronger to 
resist transverse stress than supported beams, and, under certain 
conditions, as strong, practically, as if wholly fixed. 

The direct stresses in fixed beams are distributed differently from 

those in supported beams. In the latter there! 
is no direct stress at the points of support, the 
value of the Mf there being = 0. In the 
former the effect of the fastening is to pro- 
duce a Moment of Flexure at the point of 
fixing, so that, as in Fig. 4, the upper fibres 
are in tension and the lower in compression. 

The points where the curvature changes 
from hogging to sagging are called " points 
of contra or cantraiy flexure,^' or "points of 
inflexion;" at them there is no direct stress, 
i.e., the value of the Mf at those points = 0. 
We may, in fact, consider the whole beam to be made up, as far as 
the points of contra-flexure, of two cantilevers, one at each end, and 




Fig. 4. 



a supported beam resting on the ends of those cantilevers, as in 
Fig. 5. 

It might at first sight be considered possible to work out all 
problems on fixed beams on the same lines as those for beams 
strained over two piers, as shown in Chapter IV., Part I. But it 
will bo seen that this is not practicable, as the essential condition of 
fixing 18 that the tangent to the deflection curve at the point of Tanpent to < 
fixing must be horizontal — a condition of things that involves horizontal a 
consideration of deflection. Therefore the problem cannot be solved fixing. 
by the comparatively simple methods for beams strained over two 
piers, in which the question of deflection is not considered. 
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Fi(j, 5. 

As deflection has to be considered, it is evident that the problem 
-irill vary according as the beam is of uniform section, or of uniform 
strength, etc. 

The cases which call for solution in ordinary practice are beams of Ordinary ca 
nTiiform crass section, symmetrical above and below the neutral axis. *" P'^ctioe. 
These alone will here be considered. 

The analytical solution of the most usual case, viz., that of a 
beam fixed at both ends and uniformly loaded, is given in 
Appendix 1. The following results for ordinary cases may all be 
solved in a similar manner, and are thus tabulated : — 
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Table I. 

Fixed Beams of Unifcnm Section. 



Method of loading. 



Load W in centre 



,, W uniform 

„ Win centre* 
and W uniform 



Value of Mff. I Position of Mff. 



Deflection. 



Fixed. 



If iup- 
portwi 
only. 



Fixed. 



"8 
12 



111 and at 
fixing 



8 
|W/ 



At 
fixing 

do. 



If sup- 
ported. 


Fixed. 


If sup- 
ported. 


Centre 


J W/3 
^*^ EI 


, W/3 
^ EI 


Centre i^t-^ 




Centre 




11 w/» 



Position of 

points of contra- 

flexure. 



^l from end 



•211/ 
end 



from 



•23/ from end 



Comparison 
between fixed 
and supported 
beams. 



From this table we see, for beams of uniform cross section — 

(1). That, when the loud is in the centre, the effect of fixing the 
ends is to double the relative strength. 

(2). In such a beam there is only ^ of the deflection that there 
would be if supported only. 

(3). That such a beam is equally strong at the fixed ends as in the 
centre. 

(4). That in a uniformly loaded and fixed beam, the fixing has 
the effect of making the beam stronger than it was when only 
supported, in the ratio of 3 ; 2. 

(5). That in a uniformly loaded fixed beam there is only | of the 
deflection that there would be if it were supported only. 

(6). That in a uniformly loaded fixed beam the point of greatest 
stress is at the points of fixing, not in the centre, as in supported 
beams. 

The advantages of fixing, therefore, are very obvious. 
Application to If we take, for instance, the wrought-iron rolled joist, 12" x 6", 
rolled steel shown on Plate I., Part I., the Moment of Inertia of which is 360» 
and Moment of Resistance 296 inch-tons, it would, if supported only^ 
and used in a floor of 16 feet span, allowing the usual weight on the 
floor (140 pounds to the square foot), require to be spaced at 
11*9 feet apart, giving a deflection of 0*24 inches, the load being dis- 



* In this case the central load is = the total uniform load. 



tributed all along. But with the same unit load and method of 
loading, the same beam, if fixed, could be placed at 18-1 feet apart, 
giving a deflection of only '073". It would be quite allowable to 
consider such a girder as fixed, because of the nature of the material, 
the uniform section throughout, and the symmetry of material about 
the neutral layer. 

Here, however, we are met with a practical difficulty. The Pi^fcical di 
advantages of regarding a beam as fixed arc so obvious, and lead to 
such economy in design, that we should at once endeavour to 
arrange floors, etc., on this basis were it not for two facts — (i.), that 
the analytical investigations of Mff and deflection are confined to 
certain particular cases of cross section of beam and method of 
loading; and-(ii.) they depend on absolute perfection in fixing, so 
that if there be any imperfection in construction the basis of the 
calculation is at fault. 

Hence engineers have been in the habit of calculating beams in 
floors, etc., as supported only, in default of (a) some general rules 
which could be applied in other cases than the few special ones to 
which analysis alone applies ; and (b) of some investigation which 
would enable the clement of uncertainty in fixing to be eliminated. 

Mifjor Macdonald^s Graphic Solutions. 

These general rules and investigation, applicable to all ordinary Graphic 
cases, which have hitherto been insoluble by mathematical analysis, l^fution. ^ 
haA'C been supplied by the following graphic methods evolved by 
Capt. and Brevet-Major J. li. L. Macdonald, RE.* 

These rules, which, as far as the writer is aware, have never 
before been published, give simple and easily applied methods of 
Batisfactorily solving the ditticulties above mentioned. 

Case 1. — Fixed beam with ceniral load. rascl. On 

Let AB (Fig. 6) be the beam, W the weight. Draw acb, the ^''"^'^^ ^''^^ 
diagram of moments for W, considering AB as supported only. 
Draw dee parallel to ab. Join df and ef. 

Then g and h (or G and H) are the points of contra-flexure. 

* Owing to Major Macdonald being now in Central Africa, it has not been 
possible to communicato further with him regarding the proofs of these graphic 
nix>bloiiui. Mathematical proofs have, however, been worked out, at consider- 
able length, by Second Lieut. A. C. Robinson, R.E. These proofs are not 
pnblishod here, partly because they would take up too much space, partly 
because they may not be the same as Major Macdonald's. It is sufficient to 
note that there is no doubt about the soundness of the graphic methods. 



Draw iglik. The shaded portion is the required diagram of I 
I^A =W X p^. = — , and E. =W^pr,= .>• 
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We see that AG = GC and CH = HB, i.e., the position of the p 
of contra-flexure is half-way between the load and points of fixi 
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Fig. 6. 





Tate 2. Uni 
ormly diatri- 
mted load. 



Case 2. — Fixed beam with unifoiDily distributed load. 

Draw acb, the Mf curve for AB (Fig. 7), as a supported beam. ' 
tangents to the parabola at a and b meet at dy when gd = 2gc. 1 
edf parallel to oft, and draw parabola egf. 

Then h SLudj (or H and J) are the points of contra-flexure. 

Draw kJijl parallel to ab. The shaded portion is the require- 
diagram. 

W/ 

Ra = load on AH -i- ^ load on HJ = —-. 



Datum line. 



AH and BJ may be regarded as cantilevers, each with a uni 
load AH and a load at the end equal to ^HJ. 

It will be noticed that in the above cases, as compared with 
of Chapter IV., Part I., we have altered the datum line from v 
the Mf ordinates are measured. 

In Chapter IV., Part I., this datum line was identical wit] 
beam line, but here it is some other line, as ik (Fig. 6) or kl (Fi 
parallel to the beam line. This altei'ed datum will afterwarc 
freely used in these investigations. It is not always parallel t( 
beam line, nor is it always quite straight from end to end. 




Fig, 7. 



Case 3. Sing 
load not at 



Case 3. — Fix^d beam miih concentrated load not at the centre. 
The load is at D {Fig, 8), while C is the centre of the beam. centre. 

*^w the Mf diagram aeb as if AB were supported only (see p. 68, 
Part l). 

I^w cf from the centre c at right angles to ahy and produce ae to 

meet it at/, be cuts cf a.t g. 

I^w gj and fh parallel to ab. Join hd, jd, cutting ae, eb at k and /. 

Then k and I (or K and L) are points of contra-flexure. 

Join kl and produce both ways to jn and n, mkln is the datum 
line. 

The shaded portion is the required Mf diagram. 

R^ = W X ---, and Kb = W x ■ — . 
KL KL 

^is is a very important result, inasmuch as the case is 
"ot one that can be readily solved analytically. 




Tlie deflecti^ .'. iitn hr vrertalosd bjr oonidffiiig KL as o 
supported at K an<l L, and AK. BL cuitOcrart Vmdtd with Bju Ha >t 
their ends, Wk'i oloilatiiig th« eomtMaed debdioa. Tfak U i 
matter of no 'lifficnhy u re^anls the eudlimn, Imt U not M 
eitof/k fur the c.i'ntral (wrt- An eipreaoon fw the dcftefiioo of I 
eupport^d Ijeain with a luad not in tht centn will bft tound id 
Appetidix IL of tiiii Cliaptrr, |t. 39. 
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Cakb 4, — /■).«(/ Wm mih more ilian one lead. 

l^t C (/V^, 9) be the centre of the beam. Draw iikdbf {Fuj. 10) 
jt the Mrdiugram for Wj, as in the last case. 



j^ 



fij. 9. 



Draw a't-rf e'6'/ similarly for \V., (Fi^. 11). 





The, 



Ftff. 11. 



(Fiff. 1 2) make ""t" = -tk + a'l^, 
fd"=jd+j'<i; 
r'li' = fh + e'h\ 
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The shaded portion in Fig. 12 is the diagram required. 
The points of contra-flexure are L and M in Fig, 9 corresponding^ 
to / and m in Fig, 1 2. 
f ?• ^l^^'"* Case 5. — Fixed beam, where the planes of fixing at tJie two ends are- 

fixingdiffer- ! r j j j 

t, owing to w^/ th€ sanie owing to settlement, etc. 

tlement. Where, owing to settlement of one pier, or from any other cause, 

the planes of fixing of the two ends are different, the points of contra- 
flexure, and the bending moments produced, are largely altered. 

Let AB be a beam whose fixed ends A and B were originally oa 
the same level as AC, but the end B has settled to d {Fig, 1 3). 



U 



I 







I 



I 



Fig. 13. 



The beam has evidently to take the form AM, with a point of 
contra-fiexure at the centre b. This would form a Mf diagram 
(Fig, 14), irrespective of external loads, of the form efhj. The Mf 
diagram due to external loads would be modified by this ; the Mf at 
A being increased by ef, and at B decreased by hj. 




This increase or decrease can be found ; for it is evident that the 
settlement cd (Fig, 13) = twice the deflection at ab. As there is no- 
Mf at b, we may consider A^ as a cantilever, loaded with an unknown 
load W at b, which produces a deflection ab. But in the case of a. 
cantilever, the deflection is expressed as follows : — 

^^^^* "ET 

(see p. 129, Chapter VIL, Part L), where the only unknown is W^ 
since ah = ^cd. Hence W can be found. Then 

e/=W xAa = hj, 
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Thus we can ascertain the unknown bending moments produced! 
by the settlement. In order to find their influence on the bending 
moments produced by external loading, we have to consider whether 
the load is on that side of the centre which has settled (the most 
usual case), or on that side of the centre where no settlement has 
taken place. 

In either case let Fig, 15, as in Fig, 8, represent the Mf diagram for 
the fixed beam with load W, and no settlement ; kl and qr being the 
moments at the points of fixing. 




Fig. 15. 

Then Fig, 16 represents the Mf diagram if, as in Fig. 13, B has 
settled to d and W is on that side of the centre on which no settle- 
ment has occurred. Here k'V ==kl-{-ef^ and q'r' = qr - hj. In this case 
there is only one point of contra-flexure. 




Fig. 16. 



Similarly, Fig, 17 represents the Mf diagram if A and not B has 
settled an amount = cd. Here k'l" = kl - ef, and q^'r" = qr + hj. 



12 
The position of the points of contra-flexure here should be stml 




Fig. 17 



!;6. B^ma Case 6. — Beams whose Juriiig is not absolutely 2)erfecL 
lerfect. 'Thh is, of course, a very ordinary case in practice. If it w«j 

essential to the consideration of fixed beams that the fixing shov : 
be absolutely perfect, it would seldom be possible to base a:: 
reliance on the calculations. It would probably be a sound practi* 
rule, while taking all reasonable precautions to ensure perfect fixin 
to count upon the beam as being lialf fixed only, i.e., to assume t' 
negative Mf at the points of fixing to be only half what it would be 
the beam were perfectly fixed. 

We have already seen that in the Mf diagrams of fixed bean 
given above, the curves or polygons of the moments are the same ^ 
those that would be evolved if the beams were supported only, bi 
the datum line from which the moments are measured is difleren 
In supported beams this datum line corresponds to the beam line, bi 
in wholly fixed beams it is at some definite distance from the bea 
line. In partially fixed beams it will occupy some intermedia 
position. For practical purj)oses it is suggested that this inte 
mediate position may be half-way between the beam line and tl 
datum line for wholly fixed beams. 

Thus for beams loaded centrally, as in Fig. 18, the diagram i 



1 



I 




1^ 



I 

1 



Fig. 18. 



Fig. 19 gives the Mf when wholly fixed. Now draw Fig. 20 makir 
aV = ^atf, and b'f = \bf, and c'd' = rd. 
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The Mff in AB if supported only is cd (Fig. 19). 

„ „ wholly fixed „ gd = ^cd (Fig. 19). 

half „ ,,gd' = icd (Fig. 20). 





^i)T a uniformly loaded beam, wholly fixed (Fig. 21), the Mff is at 
^"^ points of fixing and =^\r W/. The Mf at the centre is = oVW/. 




Fig. 21. 



*^ the beam be half fixed, the Mg- will now be at the centre = y^jW7, Unifomily 
•^nd the Mf at the points of fixing will be = A^^/ (Fig. 22). Thus im|!;:rfcJ?tr' 
^ uniformly loaded beam of uniform cross section is ^x^'^*- 

equally strong whether half fixed or wholly fixed. 

l*aradoxical as it may seem, such a beam is really strongest when it 




U nol wbolly fixed, bat when the Mg nt. the poinls of fixing and 
the centre arc each = ^W/, 



jP^ 



It may here bi 
tho fixed plankir 
pontoon bridge ' 

wnd rack- lashings. 



mlouliitjng the eCrengtlt < 
K Itridge, BUch as & militn 
I chesses arc fixed by rihuK 
ly iiraoticully codRider Iiwda; 



Fi;,. 23. 

Hiich &i wheela of wugoiis, gnna' etc., which may ileriate slightly 
from the centre, as symmetrical, in view of the investigation shown 
in tho rases above. 

For, in the first place, it is clear that, so far as the Mj is eoncemod 
(hut not the position of the points of contra -flexure), tbc Mg- dae to 
the weights on two wheels, as shown in dotteil lines in Fig. 24, may 




Im! replaced liy one central weight giving the same value of M^, 
This (tibstitutiou will simplify the demonstration, for any inflaences 
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it would modify the Mff in the one case would equally modify it 
\m the other. 

Suppose, therefore, the load on the two wheels replaced by one 

[central load. This has a Mf diagram as shown shaded in Fi(j, 24. 

If that load be placed a little to one side, it would, if both snpporta 

\^rt still on the same levd^ tend to produce a diagram as in Fig. 25. 




Fig, 25. 



Bat the excess of weight on one longitudinal causes an excess of 
•deflection on that beam, which, as we have seen in Case 5 and 
Fig. 17, tends to counteract the unsymmetrical nature of the Mf 
diagram, and bring it back to the symmetrical diagram shown in 
Fig. 24. 

Case 7. — Beam fixed at one end, supported at the other, icith plane of 
filing J and support in the same plane (general case). 

Let AB be the beam (Fig. 26). First consider the beam as fixed, 
and draw the Mf diagram (Fig. 27). Now if A be fixed and B sup- 
ported, we know that the Mf at B = 0. In Fig. 28 make 
-aV = rt« + Jft/, and join e'b', ad'U being the same as adb. The shaded 
portion is the required Mf diagram. 

Similarly if B be fixed and A supported. Draw a"d"b" (Fig. 29) as 
in Fig. 27. Make //'/" = //+ ^ae (Fig. 27), and join a'f". Then the 
shaded part in Fig. 29 is the Mf diagram. 

The above procedure is a general solution for all cases, whether 
the loads be concentrated or distribute*!. It affords another proof of 
the value of graphic solutions, since only a few such cases are readily 
soluble by mathematical analysis. 

Case 8. — Beajn fixed at one end, supported at the other, hut tcith 
settlement at one side or other. 

If Fig. 28 shows the diagram when there is no settlement at either 
<ide, it is clear that if the fixed end settle a negative Mf will be pro- 
duced, and the diagram will be something like Fig. »iO. If the 
settlement at A has been x inches, it is equivalent to a cantilever ab 



Catf 7. Beat 
fixed at one 
end, support 
at the otner. 



CditfS, Boat 
fixiKl at one 
end, Aupport 
at tlui other, 
aTul one end 
nettled. 



16 
with an unknown load W, which produces a deflection =x. Bu 



/ = 



3E1 



; hence W is calculable. Then the Mf at a due to W 



2 



W X abf and ac is reduced by W x ab. It will be seen, by comparing; 
Figs. 28 and 30, that, although the Mf has been reduced at the poini 
of fixing, it has been increased under the load. 



^ 



I 



I 



W 



f 




D 



Fig. 26. 



Fig. 27 



1 

I 






Fig. 29. 




Similarly, if the point of support 4 be lowered, the Mi at a will be 
icreaaed, and that under the load decreased, the diagrum aseuming 
form in Fi^. 31. 




Fi'j. 31. 

As an example of the economy of calculating boamB as fixed, 
vfaen, for practical reasons, it is possible to do so, we may take the 
following : — 

EXAMPLK 1. — A framed Jlvor is requirtd for a rami 16' x 30', aiid 
Ike girders pr<^0Md f'lr me are iiiUd sledjuulu 12" x 6° (is in Plate I., 
J*arl /.). /( is proposed In iiae wooden binders and bridging jaisls, to jit 
thf mds nflhe girdert, and it mai/ safely If asiumeii that ihe aailx can 
bear Ihe weighi of such ijinfers, binders, or joists as viny be broiighl upon 
tlu-in. Timlier for binders anilji-ifls, red fir (pirrns ajlveatris). 

At* rtigarxis weights on Root's, Mr. Hurst gives in his Hatidbouk tho 
following rules ; — 

Ordinary dwelling house floors, 
including the weight of the 

floor-boarda IJ cwt. = 140 lbs. per sq. foot. 

Public buildiDgs, lecture rooms, 

etc U „ =168 „ 

, 2i to 4 cwt. = 280 to 448 lbs. 
per sq. foot. 



Fnunud flo 

with fixed 



Warehouses and factories 




Mesar;. Dot niaii, Long & Co., of Kliddleaborougli, in their 
IIandbo..k vi Slffl S^tifmn, give the following ; — 



DKelliiigM or office buiiiliDga 
PiiMir liaDs ur kHooIs 

Wareliotisea 

Heavy tuacbtnery 



.. 200 to 400 11». 
.. 300 to 500 .. 



rcconimoD'led by this firm f< 

i thAti those iisiully ajJopted j| 

Hi'iice Mr. [lursl's nilea an 



•f the 1 
iruu, 296 inch-tons (eoe p. 



fi' rolled joist, if a 



The fuctors i 
their steel (see | 
pnkctict' liv the 
tAken iti this on 
The safe Moi 
steel, is 413 indi 
P«rt I.) 

Let the tLttm floor Uratien be u sfamrn n 

/V- 1. '■'■''' I- 

The calniUtioiu of iite various fians arw based on the foltoivin.: 
coiHidenticm : — Th»t the flt*0T toi«l«. biinlers, and girders are fixel, 
or at Id'A't hnU tix<.il, and tint ihcr are iinifortnly loaded, but thi! 
eiMliiig _'.'ists arv only su]>|h>ti«>I. as their dxing un<ler the bioders i« 
; :W moat imperfect. 

.'4.^ — S|ian 5*3', weight per eqnare foot 140 lbs., distaiici- 
) j.^isU 1 fooi. 
Y \V. total v^ht on each joUt between iModera — 

-5Sxl*U0-7lill«. 



ajwrt o 



AnJ Hf (or a ftx«d betm nufrndy lMdf«l a 









(\vMt/ .'***<." Th^sf jv**I* nMj Nf \ l\v>< apart ceatre to centn;, 
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is 10 lbs. per square foot. From the deflection formula (d), page 
139, Part I.— 

^^ = -700-, where L = 5-3, S = l, and w=-lO lbs. 

Hence bcP= 11 -1. 2 J" x 1" would do, but leaves very little room for 
nailing. Make 2^" x 1 Y. 

Binders. — Span 15 feet. Weight on each binder = floor weight on Binders. 
J whole area + weight of floor joists on ^ area + weight of ceiling and 
joifits ditto. 

Floor weight Jx 16' X 30' X 140 =11,200 lbs. 



„ joists Jt-x30xl6x2J"x3"x36 
Ceiling „ | x 30 x 15 x 2J" x 1 J" x 36 . 



Ceiling 



J X 16x30x10 



Total 



= 135 „ 
= 70 „ 
= 800 „ 



To this must be added the weight of the 
binder itself, say 1 x 15 x 12' x 12' x 36 



12,205 lbs. 
540 „ 



Hence W= 12,745 lbs. 



or 5*7 tons. 

The Mff in inch-lbs. will be 



W/ 12745x15x12 



12 



"12 



= 191,175, 



and 



Hence 
Make 



^•-^=191,175^200 = 955. 
10" X 10". 



The weight of the binder will then bo 15 x 10" x 10" x 36 = 375, 
and not 540 lbs., as approximately estimated above. We see that 
the tnie value of W will then be 12,680 lbs,, not 12,745, say 56 tons. 

Girder. — From Fig. 2, Plate I., we see that the distribution of weights Oirder. 

is symmetrical as regards the centre. The Mff will be either at the 

fixing or under either weight. Fig. 3 shows the Mf diagram for one 

weight taken by itself. If the beam had been supported only, the 

Mtf under either load, taken separately, would be 5*6 x § x 64 inches 

=«240 inch-tons, or de {Fig. 3). Drawing the Mf diagram for a fixed 

^f Yieam as in Case 3, i.e., making the line a'b' pass through the points 0,7), 

we see that oa' = 160 inch-tons, and bb' = 85 inch-tons. As the loads 
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DeflectioD. 



at D and C are equal, and symmetrically situated with regard to 
centre, it is evident that the Mf diagram for the other weight 
be similar, only reversed, i.e., hh' would be 160 and aa' 85. Hi 
combining the two as in Fig, 4, we have oui" {Fig. 4) = aa'+l 
{Fig, 3), and e'd' = ed + cf. From this we see that the Mff is at 
point of fixing, and is 245 inch-tons. 

Hence the rolled joist is amply strong enough, even if madei 
wrought iron only, as its M„ if of wrought iron, is 296 inch-tons, 
lighter section of steel would be strong enough. 

Details of floor are shown in Figs. 5 and 6, Plate 1. 

It will be observed that the effect of fixing is to increase the 
ness in a far greater ratio than ne strength in beams of unifc 
section. For instance, a beam with a single central load is, 
fixed, twice as strong as when supported. But it is four times asi 

the deflection at the centre being y^^ py instead of tV"W' 

the case of a uniformly loaded beam, the fixing increases the sti 
by two-thirds, but the stiffness by 5. 

It may hence bo inferred that if the requirements of strength 
satisfied in a fixed beam, the requirements for stiffness are prol 
more than satisfied, and might be neglected in calculation, 
instance, the binders in the last example would have a deflection 



W/8 



1-^-1 12680x(15xl2)3xl2 ^..^. , 
THT-gi -iswj U40U00 X 10000 " ^^ '''''^^ 



Economy of 
fixing. 



whereas the permissible deflection of -^j/' per foot run would 

!«" = 0-375". 
Even if the filing is imperfect, this would allow an ample mai 
It will thus be seen that, whereas in supported beams the reqi 

ments for stiffness generally are greater than those for strength, 

therefore govern the scantling adopted, in fixed heains the 

occurs. 

In the example thus worked out, the scantlings which would 

required if the beam were supported, compared with those reqi 

on the basis of the beam being fixed : — 

Fixed. Supported. 
Rolled steel joists. No. ... ... 1 2 

Binders 32' long, scantling ... 2 x 10" x 10" 2 x 5*" x li 

Floor joists 18' „ „ ... 30 x 2 J" x 3" 30 x 2" x 



There would be a saving in the fixed floor of 9 cwts. of e 



Ded 



Eco] 
find 



rtlera,* and ahoiit C> cubic feet of timber. This would amount to 
lOUt >£3 at English market rates. There would also be saving in 
e brickwork of the walla 3' in height all round. Pht'^ I, shows the 
for u designed. 

The economy of fixing in timber wonld be so alight as not to make 
worth while adopting in ordinary Hoora. In framed floora, how- 
-er, the chief advantage of fixing lies in tho economy of tiie 
rders, an economy which increases with the span. 

It need hardly be aiiid that caat-iron beama, if deaigned in the yixing mit 
nul way with one flange three times the «rea of the other, are t^o^inwr 
ssniud for uae as fixed beams, because the smaller flange, which is «wt-irr- 
>signed for compression only, would in certain parts of the fixed 
xam be brought into tension. 

It is not necesaary to say much about the shearing streaaes in fixed 
Bams. They would be little different from those in supported 
Bams. In any case, they would be found by precisely the same rules. 
; would only be neceaaary to find the renetions at the points of 
xing, and apply the rules found in Chapter VI., Part I., for shearing 
tresa. 

Ciintiniwus Beams. 



'.n many cases in actual practice beams are not fixed at their CosriNro 
inffl of support, but are continnoua over several spans. The joists 



f s floor, the common rafters in a roof, the 

erandah, etc, , are common instances of beams wiiich are continuous. 

bough they are usually calculated as supported otdy, for the sake of 

'tttpUcity. 

Itia proposed here not tj3 enter into the full investigation of the 
f^Mom of finding the bending moments in such beams, hut to give 
f e* grsphic methods whereby such investigation may be arrived at 
*th a reasonable approximation to accm-.icy. The mathematical 
kiklyua of such beams has formed the subject of many treatises in 
'V«r«] languages, but however interesting the problem may be from 
tMirely academic point of view, there are certain objections to aiich 
**Ij'»i», which cause it to he regarded with distrust from a practical 
>ilitof view. 

One objection is that the theory is baaed on tho supposition that Oi.jectimia 
^l the points of support are on tho same level. Hence, if any tiauouBlim 
i wo have aeen in the case of fixed 
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beams, corresponding alterationti in the points of contra-floxui 
in the bending moments. 

Another objection is th&t the theory is bnsed upon a considt 
of uniform values of the elasticity, which in practice can >i«i 
nbtaineci. 

Again, in built-up work, Ruch as occurs in bridges and i 
variations of workmanship upset calculations for unifoi 
stress. 

Finally, if th at (as in the case of bridg^ 

varying loads, t cnnt^ of contra-flcxurc an^ 

resulting mome ie various methods Hndp 

of loading. 

Henco we mu lldgations as approximate i 

This, however, l b Btihject should be whoUn 

regarded, for thi M of continuous girders q 

certain tircumst questionable claims top 

consideration. 

The mail) difficulty of the investigation lies in the fact that | 
vertical reautions cannot be found by the law of the lever. 
internal stresses must, therefore, be dBlermined by the considentii^ 
of the elastic deflection of the' beam. 

In the case of a beam continuous over two equal spans u>(] 
uniformly loiided, the reactions at the centra! pier and the supports 
can be ascertained from the laws of deflection. The proecJure 
would ha first to calculate the central deflection which would occur 
if the girder were merely supported at both ends, then to cousiJer 
the reaction at the central pier, which will evidently bo equal to the 
single load which would cause at the centre the calculated deHection. 
For instance, if the beam be of uniform cross section and imifonnlj 
loaded with a total load = \V, the deflection at the centre will be 

■' '- (p. 189, Part 1.). 



^" EI 
fie flection \ 



1 l>c Th- 



under a t 
Hence 



ngle centrftl load the Kimc 
.Sj.\V = j>_W or \V' = S\V- 



U'o see, tJieroforo, that in such a case '^W is the reaction at ll>* 
centre, and i^W at each of the supports. This has already b»«" 
taken into consideration in investigating the stresses on a king-po* 
roof (p. 250, Part I.). 

Now if we suppose the same beam to be absolutely rigid,* we se< 

• From Mr. CUxton Fidlor's Trmli-t on Bridf/e Coiistr>irtioi>. 
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tlutt the smallest settlement of the central pier would bring the 
entire load on the abutments. Similarly, a settlement of the 
ubatmonts would bring the load on the piers. In the former case 
the Mf diagram would be ahc {Fig. 32), and in the latter case ah'c. 




A 



J) 



I 




• _j ^^ y^ r ysm m^m 






Fig. 32. 



The range of stress hb' would be enormous, inasmuch as in the one 
CM6 the stresses at the centre would be of the opposite character to 
what they would be in the other. It is, however, evident that this 
difference of stress could only occur in practice (since the actual 
nutterials we have to deal with are elastic) when the difference in 
^el was an appreciable amount, viz., for a uniform load W all 
along the girder (if of equal section throughout) — 



Ei' 



and 



BD 






EI 



The sohition must, in any case, depend on the elastic deflection of 



for a cantilever uniformly loaded — 

Wl"' 



V = i 



VA 



Here 
Hence 



W' = ^and V=[ 



V=ii 
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KI 



yrons 
«m of 

mts. 



onald'8 
ic solu- 
[)f con 



the girder ; and the reactions produced by the piers, in order to 
produce the best effect, should be such as to give the deflection curve 
such a form as to bring the three points A, B, C on the same lerel. 

Analytically, the relation between the bending moments at 
three consecutive piers may be expressed by what is known 
Clapeyron's Theorem of Three Moments, which is as follows : — 

Let Mq, Mp Mg and Mg denote the Moments of Flexure at foixr 
consecutive piers ; l^, l^ l^ the lengths of the three spans ; iTj, to^ «^s 
the weights per lineal foot, then 

U,l, + 2M, (^ + /,) + Mj/, + i («;// + WiZ,") = (L > 

for uniformly distributed loads. 

For concentrated loads the theorem becomes 

^ (^1 + y + ^ + -|-^ + s^^J-» il{' - T,^) + '^'^\h- - a;^) = 0... (ii.), 

where W and Wj are the loads in the two spans, and 7\ and x tlm« 
distances from those loads to the piers at the extremities of tH^ 
section under consideration. If there be several weights in one bay » 
take the algebraic sum of the moments, i.6., SWic. For proof 
Clapeyron's Theorem see Appendix II. to this chapter. 

Major Macdonaid's Graphic Solutions. 

The application of Clapeyron's theorem to examples may now be consic 
and compared with Major Macdonaid's graphic system of investigation. Tim** 
system is somewhat as follows : — Each separate span of the continuous 
isb^'ms. i^ ^^^^ treated as if fixed, and the M^ diagram drawn on that supposition, 
explained above. The end spans are then treated as beams fixed at one 
supported at the other, and half the sum of the resulting moments at eU 
side of the central pier is taken as the moment for the continuous 
Thus, in Fig. 33, if AB, BC, CD represent three adjacent spans of 
continuous beam, the principles involved in the investigation are as follows r- 
(1). If at B we have two bending moments Be due to load on AB, and B/*di 
to load on BC, and B be set free (or considered as unfixed), then the resul 
Mf at B is a mean between B/and Be, or is =B^. 



i 




K 9 

Fig. 33. 

(2). But as B/ has been increased to B^ Qq will be decreased by J/A, aH* 
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/ increased by }/A, and as B^ has been decreased by cA, Ad will be increased 

{Z). By first releasing the points from left to right in succession, and then 
rom right to left in succession, and taking the means of the results so 
ibtained, the second differences are cut out. 

The above assumptions give results which closely approximate to those 
obtained by the Theorem of Three Moments. 

Take for example the beam shown in Fig. 34, where AB = 40', BC = 30', 
AD=25', BK=15', W=24 tons, W'=20 tons. Let M^, M^ and Mc be the 
tiending moments at A, B and C respectively. 




1 



jr 



D 



^ 






i: 



i* 




zo 



I 




Fig, 34. 
Then, by the Theorem of Three Moments (ii.) — 

•Jon oAi> olJC' 

^t M^ and Mc are each = 0. 
^refore, substituting values — 

^^«icc Mb= 152-7, say 153 foot-tonH. 

^f We draw hj to scale = 153, and adh, hec for the spans AB, BC as if 
•JWPorted only, and join a/, jc, then ajc is the distorted datum line, and tho 
■•iaaed part of Fifj. .34 gives the diagram of moments. 

To solve tho same proldcm by Major Macdonald'H graphic metliod. Consider 
•»iBCa8 fixed {Fi(/. .35), and draw the diagram of moments for each, viz., 
^' ***5f and hht^rj. Then by measurement 

a/=85, />f/=140, hh = 'jr}, rj = 75 foot-tons. 



KXAMPLE. 

Beam con- 
tinuous over 
two Himns. 
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If we suppose A and C let free, and thus supported while B remains fixed, 
we have the moments as follows : — 

A B C 

(i40 + ^)(75 + V) 

182-5 112-5 



Now set free ]> — 
.. 



182-5 + 112-5 



147*5 








Make hk 147*5 (Fig. 35) and join ak an<l ck. The shaded portion is the 
required Mf diagram, akc is the distorted datum line. 




Fig. 35. 



KXAMPLK. 

Beam con- 
tinuous owv 
three Hix\ns. 



The calculated value of bk is 152-7, the graphical value is 147*5. The error 
is about 3-4 per cent. 

Another example may be gjven to illustrate the application of the principle 
to beams with several spans : — 

I^t AE (Fig. 36) = 30', EB=10', AB=:40', BF=20', FC = 10', BC = 30\ 
C(i = 20\ (;D=10', CD = 30', W' = 20' tons, W"=:30' tons, W'"=24' tons. 




J' 



t-fO^ 






^ SO' u 

Fig. 36. 



♦-/o- 



^ 



30' ^>^ 
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L«et M^, Mh, Mc, Md be the pier momonts. 

Then, by Theorem of Three Moments, Equation (ii.) — 



Mh(AB + BC) ^ M^xAB ^M^ X BC 



H 







\V ' X AE ^^jj2 _ ^y.,^ I W^xCF ^^^ _ ^p2j 



But 



6xAB 



6x HC 



Mj^^M,xJ0^20x30^jg^_^j^30xl0^j^_l^j^ 
o 6 X 40 6 X 30 



«»r 



140 M,. + 30 Mc =15x700 + 10 X 800= Isr^OO (i.). 



Similarly — 



M^. x(BC + CP) M,xBC M^xCT) 



3 



6 



+ - 



6 



aiMl 



6 X BC Ox CD 

M,i = 0; 

3^6 0x30 ^ ' 6x30 ^ ' 

120Mc + 30 M,. = 20 X 500 + S X 800= 10400 : 



Mc='?r- 



M,. 



(ii.). 



Siihatitule this value in (i.)— 

140 Mu 4- 30 Z' I f i 2 - -^i'^ = 1 8.100, 



iiikI >«in<-<-* 



M,= 108-7; 
120 Mc + 30M,.= 16400, 
M.= 109r). 



If wc draw aeh, hfc, cijd for AB, BC, CD tw supiK»rto«l hcaniR, and make /»/< 
<»n the Hanie scale -M,,= 108*7, and r/=Mc= 109'5, the 8ha«led portion is the 
Mf iliHgrani (FUj. 37). 

The alwivc is the solution by the Theorem of Three Moments. 




Fig, 37. 

To apply Major MacdonaUrs graphic method, conHider AB, BC and CD 



28 



fixed beams, and draw the Mf diagrams as in Fig. 38. 
draw these to a large scale. 



In practice, it is well to 




Then 



Fig. 38. 
aA = 37, &; = 113, 6it=69, d=l29, cm = 55, dn 



106. 

A B B C C D 

37 113 69 129 55 106 

Consider A and D supported, the others ^a;erf. Then we have 

113 + V- 69 129 55 + ir •• 



= 131-5 69 



129 108 







Now if we relieve B and C, each re-acts on the other, and the problem is 
indeterminate. But if we release the points in succession from left to right, 
and then from right to left, and finally take the mean of the results, we get 
very close approximation to the results obtained by tlie Theorem of Three 
Moments, thus : — Work from left to right and release B. 



A 




B 
131-5 + 69 



( 



129 



C 

100-2-69 



) 



108 



= =100-2 

Now release C. 




= 



(l00-2 + y:^-^-l^^-7 



) 



113-4 108 



113-4 + 108 



I) 
.0 

.0 



*> ' 2 

101-5 110-7 

Now work from right to left, release C. 

129-118-5\ /129 + 108^ 



.0 

0...(A). 







131 



•5 ^69 + 



^ 



/12 9 + 108 \ 







=0 131-5 74-2 118-5 

Now release B. 

129-102-8 



i(131-5 + 74-2) 118-5- 







=0 



102-8 



104-4 0...(B). 

The mean of A and B gives Mb = 102 -15 and Mc= 107*5, as against Mb=108 
and M(. = 109, by the Theorem of Three Moments. 

This graphic method has been applied to a great number of different loads 
and spans, and has always been found to give results which approximate so 
closely to the calculated values as to be practically identical. 



Mr. ClnxtoR Fi'ller's Chvphiail Metlim!. 

Another graphical method evolved by Mr. Claxtoii Fidlor is SjJ-.^,""^ 
esiieciuUy useful in the case of bcnms uniformly loaded. pl'iic Xlutl 

In Fi'j. 39, let AB, BC, CD reprefeent a beam continuona over 
three spune, and loadeil iiiiifoiinly. 

First draw the Mf diagram for each span as if it were supported 
only, and independent of the others. These will ho parabolas which 
will vary with the span and the unit load. 

Take points G. H, 0, L at one-third of each span from the points 
of support, Draw GK at right angles to AB, cuttiog the line 
joining the apex of the parabola if' to Bat K, draw HL, OM, LN cutting 
similar lines at L, M, and N. Join KL, MN, and divide these lines at 
P and Q in the inverse proportion of the adjacent spans, a.;/,, make 



KP:PL;:BC:AB. If the s 

will be vertically above B and C. 

Then P and Q are piiiif jmnh. 



i eijual, a 



1 Fiff. 39, Pand C 




The distorted diitiini line, from wliiuli we wish to measure the Mf 

Imdinates, must pass at such distances above the pairs of poitiU on 
4lush side of the pier that KK' and LL' are in the inverse ratio of 
the apans AB and fiC. The line must start at A and terminate at 
D, There is only one position of the line which will satisfy tliesc 
.flondilions, and that is easily found by trial and error. In the figure 
tiie spans and weights are equal, and the problem is simple. But it 
{r almost equally simple where the spans aud weights are niiec|ual 
(lee Plate II. as an example). " The moveable base line can lie 
sdjtuted in a few minutes by trial and error, so as to comply with 
the governing condition " tliat it must pass over one point and under 
bbe other. " The engineer who is accustomed to laying down the 
gmdisnts upon a railway section will have no ditBcuIty in effecting 
t IUb familiar adjustment, for he ha^ only to au[ipase that B is a 
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break of grit'iieiit, and he lias to adjust his grades bo as to pass under 
the fixeil [mint K and over L by w|iial depth* of cutting anJ 
embankment. Perhaps the quicltost methods will be to draw iho 
lines KL i»nl MN', connecting each pair of lixod points and intersei-i- 
ing the j>ici' voLiculs at P and Q. Then the point h must be raisfl 
until a stiiiiyht-Rilge laid across K'L' cutfl through the point P, ami 
the same at t';ich pier of the bridge."* 

The sli;ided jMinion of t.bfi fin^im (39) represents the Mf diagram. 

Although s|^c 
difficult, hut very 
may be puinted o 

(1). Tht-actua: 
when un.ler a Ion 
game way that the 

(2). flic posilL 
only be .jetermini 

(3). - 



i the somowhat lengthy ii 
the above graphic method, it 
Avml nro ii« follows : — 
a beam of any form aesiinu'i 
I Mf diagram in predsely ihc 
am the loiul (sue Appendix II. i. 
iccupioa in space can, howevej', 
cd points. I 

orm section) continuous omn 
several i<iiiuis of known length and with known weights, we can 1 
construct Mf diagnima for each span :is if the girder for each span 
were supported only und independent. This will indicate the form 
of the deflection curve. 

(4). In the case of such girders, we have certain fixed poiots, 
viz., the picfs and abutraentJ). Wo know also that the tangent to 
the defleelion curve at the piora will bo common to the cui-ve in two 
adjacent spans, measuring the inclination upwards in one span and 
downwatdii in the next. 

(5). If M„ Ml, and M^ repi-oaent the unknown pier momeiit« at I 
the abutment and at jiiers B and C, and if M, and M, represent the \ 
central momenta of the spans AB, BC (Fig. 39), and if E be the 
Modulus of elasticity and rf tiie dejith of the girder, it may be proved 
that the deflection below the tangent at B in the span AB is 
expressed by 

IS>'>-3M,)^ (.), 

and that the deflection below the tangent at B in the span BC is 
expressed by 



(3Mb + JM„-SM*)° 



■</3). 



, by T. Claxton Fkilcr, 



(6). If by uiiy geometric ibvico wo can obtain a vuliio foe tlie 
CJcproMiona within the bracltcts in (n) and (/)), we can ascertain tlie 
twsition of the true ilatnm line. Tbis has actually been done in the 
foregoing grnpliic construction, for in Fig. 3B 

KK' = S <w' - 'i^', and LL' = JBft + JCr - gSo'.* 

By thia method, thei'efore, we may fix the points of contra-flesni-u 
T|U, V, X, and, therefore, obtain the Mf diagram for the whole beam. 

As regards the shearing stresses, we see at once that when the ** 
points of contra-flexure have been ascertained, the shearing stregses 
CM be eiisily calculated. For the shearing stress at the aide of any 
[lierwill be (in the case of uniformly distributed loads) the weight 
oil Lbe cantilever represented by t)je distance from the pier to the 
|)oiut of contrafloxure al that side, plus half tho weight supported 
on lie portion between the points of contra- flexure, Thus in 
it'}, 39 tho shearing stress at A = it(fxAT, shearing stress ;it 
B=iH>xAT + roxBTin the span AB, and wx BU + iwxUV in (he 
spMi BC, and so on. 

As an illustration, PhUe II. shows the graphic representation of 
raotUBnta in a continuous girder bridge with irregular spans when 
loaded all over. The total width is 135', and the spans 30', CO' and 
^5'. The weight por foot run is 2 tons, i.e., temporary load 1 ton 
I'nd permanent load I ton. It will be seen that there is very con- 
'idorablc economy by adopting the continuous form in this case, for 
llw Mff, instead of being 900 foot-tons, is only 590 foot-tons. The 
pier moments caloidated by the Theorem uf Three Moments are 476 
and 507. By the graphic method they arc irOand D90. 

Tho same bridge loaded only on the central span gives a Mf diagram b 
'bowri in dotted lines. There is a very coiiaidei'ftble difference in the J" 
^4ucsof the Mft and still greater difference in the position of the points 
"f conttarltexui-e. We see from this that the efl'ect of rolling loads on 
tomiiiiious girder bridges is to alter the positions of tlie points of 
''ontrit-flexure, the values of the pier moments, and both tlic valnes 
■"I'l Oio nature of the sheiLring stresses. Where the dead weight of 
'"■ ''ridge is great in comjianson with the rolling load, such changes 
" '- of little consequence. But where the opposite conditions occur, 
■"> is tho case in railway bridges of short span (say under 100'), thu 
<nwgas produced are very important, and are difficult to meet 

* For i( we join BC uiiUing HL' iii A— 
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f 



^ ■ 



practically. Hence, in such bridges, cmtimunis girdeis are not 
economical for spans less than 150 feet. 

" The uncertainty arising from the shifting of the 
contra- flexure may, however, be met by fixing them in 
advantageous positions for the general economy of the 
This can be done by connecting the ends of the different 
together at the points of contra-flexure decided on in st 
that the continuity of the direct stresses in the upper a. 
flanges is broken, as is done in the case of the Forth Brid *; 
or, in other words, by constructing each span with cantilovew 
of the distance supporting a beam of reduced span."* 

A great disadvantage of continuous girders lies in the b 
differences of level in the piers or abutments causes also sbS 
the points of contra-flexure, and although minor difierenceSij 
accounted for by applications of the graphic methods of Mr^ 
as described above, the uncertainty that arises from this o^ 
had the eflect of diminishing the confidence of engineers iu t 
in bridges. 

Caac whore There is no doubt, however, that in simple construct^ 

bSmS may be Principle of the continuous girder may be applied with ad* 
advantage- Numerous instances will at once suggest themselves — common 
bressumers, etc. In such cases there is not likely to bt 
shifting of the points of contra-flexure, and the ad van 
calculating the beams as continuous may in some cases be vi 
siderable. 

As a guide to the calculation of pier moments, etc., in equal 
equally loaded uniformly, the following table is given, dealing 
beams continuous up to five spans, each span being of length = 
the weight on each span being W = ivL 



* General Wray, Applications of Theory to the Practice of Corutr 
4th edition, p. 107. 
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In general, it may be said that the moments at the supports next 
to the ends arc always the greatest, and are there about = — , that 

they are least at the third supports from the ends, where they are 

about ~Y^ , and that near the centre they are nearly unifoiin at 

about — — . 



APPENDIX I. 

Analytical As an example, wo give here the process of tinding analytically the values of 
d^f^^i the bending moments and deflection in a beam of uniform and symmetrical 
inafixedbeiuu section fixed at both ends and uniformly loaded.* 

oniformly Let AB {Fig. 40) represent the beam, «'=unit of load, / = )ength, P = force 

loaded. fixing the ends. Let M£= Moment of Flexure at any point distant x from A. 

J 



^ 






ijR'P-^ 



^ 



^ 



— ^ 






Fig, 40. 



Let 

Then at any point x 

M,x= +P(y + a:) +?/u'x^-Rj;- ^ 



MrA = P»/ = M, at A. 



y 



But 



= P(y + a;) + -^--Pa;--^^ =M,A+ ^--^^ 



(1). 



IfX 



dx^ 



Hence, integrating between limits and x— 

Ei^'-=M,.x+!i;f_;:'/f+c (2). 

ax o 4 

When a: = 0, i.e., at the point of fixing, the tangent to the deflection cuta'c is, 

from the nature of the fixing, horizontal ; therefore , =0. Hence C = 0. 

ax 



* Creneral Wray's Applications of Theory to Practice of Construction, 4th 
Edition, p. 83. 
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When x=~fi,€,,m the centre of the beam, -ri? = 0, or y is a maximum. This 
2 ax 

is evident from the symmetry of the load. 

In (2), by substituting ^ for x, and making -— and C = — 

^ CLX 

Substituting this value of Mfi in (1)— 






When x=^, Mf has its maximum negative value, i.e., at the centre of the 
beam 

^^'=12+-8--T= -24^--04 ^^^- 

At the fixed ends, x=0. 

M,=— ,orMff=p^- (5). 

When Mj=0 we have the points of contra-Uoxui-c, i.e. — 

wP vr^ _ wfx _ .-w 

Whence a: = (i - V^) ^='211/, 

or the points of contra-flexuro are '211/ from the point of fixing. 
From (1) and (3)— 

nT (Pi^ »''^ fxr^ icfx 
rf;f2=l2 ^~2"""2"* 



Mf = EI 



Integrating between the limits and x — 

Putting a: = - , to find the maximum deflection at the centre — 



' EI 1,24x4 "^24x10 r2xf*/ El ^ '* 



\ 



(6). 



From (4) we see that the M^ at the centre is - -— - , from (.")) wc sec that 
the M(r (at the point of fixing) is — - , and from (G) we sec that the maximum 

deflection =, It -^ » as in Table I. 

d2 
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lelation be- 
ween curves 
d load, shear- 
ng stress, Mf , 
Iopc», and 
ilastic curve 



APPENDIX n. 

As the relation between the Mf curve and the actual elastic curve pi 
by the deflection of a loaded beam has been alluded to in the te: 
perhaps fitting that this matter should here be more fully investigated, 
not only interesting, but of practical value. 

The curves represented by (1) the load on a beam ; (2), the shearin; 
produced by that load ; (3), the Moments of Flexure or Resistance ; 
slopes or angles formed with the beam line by the deflected beam ; 
point ; and (o) the actual elastic curve of the beam, are related to eac 
in regular sequence. Elach is derived from the one before it by a pr 
integration. 

This subject has been pointed out by several writers. The applicati 
in a graphic form is the subject of an article in the R.E. Journal for . 
1897, by Major H. D. Love, R.E., from which extracts are given belo^ 

In Chapter VI., Part I. , p. 112, it was demonstrated that if S be the s 
stress at any point of a loaded beam, and Mf the Moment of Flexure, t 

dx 

orMf=the integral of the shearing stress. Again, it was shown ou 

that the fundamental equation for computing the slope and deflect 

loaded beam ig 

M,_cPr 

EI d^' 

dr 
By one integration of this we find the slope whose tangent is - , ar 

second integration we find the value of the deflection v at distance x f 
origin. One of the co-ordinate axes is a tangent to the curve at the or 

From these facts we see that the five curves of load, shearing, 
moment, slope, and deflection form a continuous series. 

To take the simplest example, viz., for a beam of uniform cross 
supported at both ends and loaded in the centre. 

The curve of load {Fig. 41) is simply one ordinate, enclosing no a 



W 



i 



^ 



Fig, 41. 



I 



shearing stress diagram is therefore a curve with ordinatea of constat 
when each = JW {Fig, 42). 



37 

Tbe Mf cuire {Fig, 43) is derived from this curve by integration. Thus for 
toy point a between A and C the corresponding ordinate a'b' represents the 
am of the shaded rectangle in Fig. 42, and the M^ CD' = area of the rectangle 
AD, Le,— 

4 




i 



I 



Fig. 42. 





lf7\^ 




if 


•T ^\^ 


B' 


C 


%' 

# 


r 



Fig. 43. 



To find the curve of slopes {Fig. 44) from the M^ curve we take the central 
point of the beam as origin, since the slope is=0 at this point. 




Fig. 44. 






The graphic integral of the triangle B'C'iy {Fig. 43) is the parabola B^C'D" 
(J^ig. 44), the maximum ordinate of which is the area of the triangle B'C'D', 
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multiplied by a constant which varies obviously with the material and shape 

of the cross section. This may be proved to be ^^ . 

Jill 

For the deflection curve B" is taken as the origin, since the deflection there 

is=0, and the maximum deflection at the centre will be represented by the 

area of the semi-parabola, i.e. — 

^^16" 2 EI"^ Er 
(see Table XIX., p. 129, Part I.). This curve is shown in Fig. 45. 




Fig. 45. 

If the section of the beam is not uniform, the ordinates of the M| curve must 
be reduced in the proportion I.'Iq, where I„ is the Moment of Inertia at the 
datum section. 

Example 2. — Find the centrai deflection of a uniform beam loaded sym- 
metrically loith the equal loads {nee Case 8, p. 72, and Example 11, ^ 105, 
PartL). 

Fitj. 46 is Mf curve, and Fig. 47 tlie curve of slopes, for half the beam. 





4. 
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Fig. 46. 






D>^^;^ 


— -; 
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^^^^-^^^"^^^ y^^ 




Wab 

1 
1 



Fig. 47. 

The triangle O'C'D' {Fig. 47) is the graphic integral of the rectangnUr 
portion OCD {Fig. 46) of the Mf curve, and the parabola D'EF that of tiie 
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triingular portion in Fig. 46. The whole figure A'O'D'E {Fig, 47) is the 
fftphic integral of the M, curve. The area of Fig. 47 

z z o 

SobstitQting (^ - a for h — 

It may farther be proved that the intersection of any two tangents to the 
*f cunre must lie in the vertical through the eg. of the intervening portion 
« the load. For Instance, in Fig. 48 let AB represent a cantilever uniformly 
wided (as on p. 64, Part I. ). The diagram of moments is shown on the lower 
P*rt of the figure. The tangent at 
interacts the line ah vertically below 
the centre of gravity of the load. This 
I^^^perty connects the curves of load 
Md bending moments. Hence a similar 
Property must hold good for the M, 
^wreand the deflection curve, *.«., any 
two tangent« to the deflection curve 
«'»t intersect vertically below the e.g. 
<rf the corresponding area of the Mf curve. 

This may be practically applied to 
•och examples as the following :— 

Example 3. — A supported beam of 
*"»/orm tection carrita a single load at 
^ point. Find the deflection at, the load, 

hi % 49 AOBC is the M, curve ; 
fO=o, B0=6; 00' is the imknown 




W'wi 



^rrYrrrrrrrrc^^^ 




Fig. 48. 



-•--'^ s^=o; KJ\J IS tae imknown 

deflection, AT', BT*, T'T" are the tangents to tlio deflection curve at A, B, 




Fig. 49. 

*** reipectively, y^ and yt are the distances below the supports of the 
^'"^fWt W, and X the horizontal distance of T' from A. 
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The area AOC = S measures the tangent at A, viz., ??, andT is^ 



under the e.g. of the area S. 
Hence 



t.^ju , . . 9 1 Mfr a' 



EI 



EI " 3E1 



Similarly 
Hence 

y=oo'^^y3±py^^ i 



y.. 



3EI 



Example 4. — A uniform beam U fixed cU one end and supported at t 
Find the Mf at the fixed end — (l),/or central load ; and (2) for unifom 

(1). Central load {Fig, 50). Let ABC be the M^ curve for the 
supported only, ABD the curve for fixation. Then the actual M^ cur 
shaded area, which we may call S. Let the distance of its e.g. from 1 







Then 



Fiq. 50. 



Sa:=iMf/x,^-iMA/x§/. 



But the tangent at A, being horizontal, must intersect the tangent 
the point B ; .•.a:=0. 

4 
(2). Uniform load {Fig. 51). 

o 

The Theorem of Three Moments may be derived from tlie above pro; 
the intersection of the tangents.* 



• Cotterill's Applied Mechanics, p. 336. Notation altered to suit foregc 
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Fig, 51. 



Let AGO', BDO' {Fig, 52) be the Mf curves clue to the load on two spans^ 
AO', B(y of a beam AOB, con- 
tinoous over three supports 

A, 0, B, and let the centre 
support be below the other two 

,\s^ die small quantity V. 

The bending moments at A, 
0, and B are represented by 
AE,0'LandBF. 

The curves AGO' and BBC 
repraenting the M^ curves for 
each ipan when supported only, 
the actual M^ diagram will be, as before, represented by the intercept 
between the line ELF and those curves. 

The curve AOB is the deflection curve, AT, BT' are the tangents at A and 

B, and TOT is the tangent a^ O, intersecting AT, BT in the points TT'. 

Let a represent the area of curve AGO", and l^ be the span AO' ; similarly, 
let h represent the area O'DB and l^ the^length O'B. If the load on these 
lengths be tr per unit of length, the curves are parabolas and the area 

^^8 12 12 

Now let lA be the angle between the tangents at O and A, and S the 
difference of the two areas, 

tbe curve AGO' and the C , D 

traperium EO', then, as 
before— 

S 



»A = 



£1 



But 8=a-^t^^i. 






B 



I^ the horizontal dis- 
*«K» of the eg. of S from 
A be ar, then, as before, the Fig, 52. 

^»oritt)nUl distance of T 

from A is also H, Hence if y^ be the vertical distance of the tangent from A, 
•8 before— 

y'^-Ei* 

To find i", let x^ be the horizontal distance of the centre of gravity of AGO^ 
^ A, then 

whence we find the value of y^i and y^, and the corresponding distance of B from 
^oe iftaie tangent, is written by a change of letters. 
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If V be the central deflection — 

/, I, ' 

hence, dividing the values of i/j^ and y^, by /j and /, respectively, and ad 
we have, when V=0, i.e., when all supports are level — 

which is the general fomi of the Equation of Three Moments, and fn 
either of the forms on p. 24 may be derived. 
For instance, if the load bo uniform, and 

we have 

t. e. — Mo /i + 2 Ml (/i + /a) + M.^ l.^ + } M./ + id^^) = 0, 

iis on p. 24, Equation (ii. ). 




Effect op Rollinq Loads on Bkams. 



' imvmtionnl Methods of Conaiilering Looda, 
ill Kiiglish lUilwajs.— Sutic KHecU it 
Inlersl BffMl. ~ Ceatrifuga! Forues. - 
KoUing Loads.— Appendix. 

Rt-ronE c 



-Dj'namio Eflect. -Unit Loads 
Vsrioua Caaes. — ExampleH. — 
Wind PreSBUre. — Inipiict in 



isidering the details of the design of liridges, it is first Efkklt o 
necMsary to devote some attention to the effect of rolling limils,* and loadb. 
oi live loads generally. 

In k highway bridge the greatest loads are produco<I either by a J^^ "" 
■icnse crowd of Imman beinga over the whole bridge, tiikeii at a live hndfcfn. 
Wii of 70 to 80, 01- dead load of liO to 160 lbs. (many anthoritiea 
'■"iisider that SO lbs. is quite eiifficient, esjwcially in conntry districts), 
i"T square foot, distributed all over, or by a, steam roller or traction 
''limine. The weights of the latter are usually, in En;^hnd, 9 tons 
^"ihe rear and 3i tons on the forward axle, the axles being 1 Defect 
*i«rt. This weight has, however, been recently exceeded, and it is 
'tM ihaii the weights allowed in America (15 tons total; 6 tons on 
fortfard and 9 tons on rear axle, 1 1 feet apart). 

K » traction engine were crossing a briilge, other weights, auch as Trn«tion 
I'lp few foot passengers that might be on the bridge at the time, ''"*''"'*■ 
"niilil not add appreciably to the load. 

In railways it is common to oonaider the distributed load, which '**''**y*7V,' 
^*'iulrf lio equivalent to the most unfavourable position of the actual ^".on^dering 
'*li''el loads of the heaviest engines and trains passing over the ^•^^■ 
bridgs. No doubt the rolling load is distributed on the main 
fffders by means of the rails, sleepers, cross girders, etc. 

Another method is to consider tbe position of the wheel loads of 
**" of ibe heaviest engines in use, which produce the maximum 
' 'a eecb particular member of the structure, This method has 

il chapter ia hawil piirtlj- on infomintion given in Aiiglin's JJtsigii of 
M partly on The Thtori/ and Pntctkt of Framtd StnMun^. Iiy 
n, TumLiiiiro ami Bi'vnn. 
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the disadvantage that, although exact for any particular engines, 
would not apply to others, and there are always several classes i 
use on any line. 

Another method adopted in America consists in considering tl 
train load uniformly distributed over the structure, with an exce 
allowed for a certain length at the head of the train for the engii 
and tender. 

Dynamic Effect. 

Variations Apart from the fact that the permanent way tends to spread tl 

U^mic^ weight uniformly, it must be remembered that the distribution 
ffect. load which obtains when an engine is at rest does not continue wh( 

it is running at high speed. Any irregularities in the permanei 
way cause variations. The action of the mechanism, the oscillati( 
caused by the plunging and rapidly-moving mass, the difference 
weights according to whether the engine is running in backward ' 
forward gear, all tend to produce varying pressures at different axle 
and to render nugatory calculations based upon tlie distribution 
weights when the engine is stationary. 

In Chapter VII., Part I., the method of calculating the maxin 
stresses in the flanges of bridges from the consideration of tl 
observed deflection under passing loads is mentioned. This, he 
ever, is only approximately applicable, for not only do the wi 
members modify the result, but the reiterated incidence of tl 
wheels upon the cross girders of a bridge brings excesses on tl 
track at regular intervals which may correspond to the periods 
vibration just in the same way as troops marching in step across 
field bridge cause both increased vertical and lateral oscillation 
Besides, it must be borne in mind that some of the web membe 
in a bridge may be struts. These may bo just on the point of failui 
by lateral flexure, or may have actually failed by combined bendir 
and crushing, and yet no indication of this is seen in the deflecti( 
as a whole. Hence deflection is not, per se, a reliable indication > 
the strength of the whole structure. 

The deflections of railway bridges under live loads are aboi 
20 per cent, greater than with the same load standing on tl 
bridge. The amount depends, of course, on the speed and on tl 
smoothness of the road, for it will be readily understood that 
badly -laid track causes impact and sudden blows, which are f 

* See Appendix to this chapter. 
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rnn dangerous to the structure than any other form of load. 
Aglin, as energy = mass x square of velocity, the speed of pasainj; 
kaii \iaa a very marked effect on the stre.^ses produced. 

It ig [KiBsible, practically, to vfork out bridge stresses on the basis Knni' 
"f eiuivalent loads producing uniform distribution, without producing ""' '" 
' ue«sive errors. It will he evident, however, that the unit for any 
-uracUssof rolling stock must be greater in the case of a short span 
' >i' in the ciise of a long span. For instance, an express engine on 
1.' Midland Railway weighs 78 tons, and is 52' a" long (Fig. 53). 
'i!i iSff bridge this weight, equally distributed, would give 1-55 tons 
|it! foot run. On a 10' bridge, however, the greatest weight that 
«(Uld be brought on it would be when the driving and trailing 
wheels, which arc 10' apart, are over the span. The weights on 
ihw wheels amount to 29 tons, thus producing, if uniformly dis 
iiikited, a stress of 3 ions per foot. 






r gives the folio 
h railways : — 

■iVa 10' span 



I'zA.... «;j- * 

Fig. 53. 
iiig unit live loiuls for various spans Unit U 



milways. 



tons per foot r 



0' „ 2-10 „ „ „ „ 

0' „ 1-50 „ „ „ „ 

0' „ r375 „ „ „ „ 

■0' „ 1'25 „ „ „ „ 

0' M25 ., „ „ „ 

, 1-000 ,. „ „ „ 

in accord with English practice generally. On the 

1 braid gauge (5' fi") lines these weights would have to ho 
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slightly increased, and on the m^tre gauge sensibly diminished. 1 
heaviest types of engines now used abroad weigh as much as 1 
tons, with a total wheel base of 54^ feet. The greatest load on 
10' span would be 51 tons. 

Although the uniform rolling load may be taken, as just show 
for the main girders of a bridge, it would not be correct to use tl 
same quantity for determining the stresses in the cross girders, long 
tudinals, etc. Each of these must be considered separately wit 
reference to the weights of the heaviest engines that may come upo 
them. Mr. Claxton Fidler gives the following rule for the spacin 
of cross girders : — Let b be the distance apart in feet, Q = weight o 
driving axle, and q = greatest intensity of engine load per foot c 

wheel base. Then 6 = ^ . " Thus, if the engine wheels were space 

at uniform distances of 6 feet, with a load of 1 5 tons on each axh 
the cross girders might be spaced at 6 feet centres, and thei 
maximum load would then be 15 tons, an amount which evident!; 
could not be reduced by any closer spacing, and would be onl 
slightly increased if a wider spacing were adopted. For constructiv 
reasons a wider spacing would generally be still more economical.'* 

Static Effect in Furious Cases. 

It will be well now to examine the static transverse moments o 
simple beams caused by loads passing across. The notation hei 
adopted is Mf= bending moment produced at any section by th 
load in any position. Mff= maximum bending moment produced < 
a given sedian during the passage of the load. Mfff=the maximui 
bending moment produced in the beam by the passing load. 
DWf 1. Single Case 1. — Beam supported at both ends, with a single load rollin 
across (Fig. 54). 



•tatic effect. 



od. 



je -M 







Fig. 54. 



* Treat ifte on Bridge Ccnistruction, p. 268. 



lie reactions aro 



Ea = 
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1 



V 



Eb=- 






For any position of the load distant x from A the Mff will be 

W 
needy under it and = -^ (/« - a;^), which is the equation to a 

V 

prabola. 

\t the centre, where « = - , Mfff = — . 

2 4 

The curve of moments will, therefore, be represented by a parabola 
pMsing through the points of support, and the central ordinate 

As regards shearingy when the load is at either abutment, the 
reaction, and, therefore, the positive shearing stress at that abutment, 
till be = W, and at the other = 0. When the load is at the centre, 
the reaction and both positive and negative shearing forces = iW. 
Hence the diagram of shearing stress will be as shown on Fig. 55, 
he ordinate at any point from the beam line, above or below, 
epresenting the maximum shear at that point, positive or negative. 




Fi(j, 55. 



Case 2. — Beam supported both ends, load imiform, but of length less Cast- 2. Lkmu{ 

., uniform of 

n Uie spm, bn^-thless 

Let a {Fig, 56) = length of loa<l, /v = distance of any section AA' ^^^"^ ^^P'^"- 
>m one abutment, .<; = distance of the e.g. of the load from AA' 
i IT = unit of weight of the load. 
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Then at A^ 



-R..-H.(e-x)|(?-x) 

-- \ax-' 
2\ 



fV-i)*-s 



-") 



.(«), 



Ji. »*:«, 



^^^:§^^^$$$$$$$^^^ 



/'tV- 56. 



fj? 




Differentiate for a maximum- 



(IMf 2ab f. 

ax I 



"K-t)=I<'-=" 



.» 



This gives the cli)?tance of the centre of the load from the give 
section when Mf becomes Mff. Substituting this vahie of x in (a)- 



If 



•If (If) 
Mg=-jp{l-b){2l-a) 

t I 



MOT=|^2/-a) 



(r)- 



(D- 



When « = /, i.e., when the load covers the old beam, Mm='g 
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. wliich is the familiar expression for the M^ in a beam supported at 
hoth ends and uniformly loaded (Case 9, Chapter IV., Part I.). 

Equations (y) and (?) may be represented graphically by drawing 
tn ordinate from the centre, of length = (?), and describing a parabola 
through it and the points of support {Fig, 56). 

As regards shearing stress for a moving uniform load, the maximum Shearing 
positive shear at any point N {Fig, 57) occurs when all possible 
loads are added to the right, and when there are no loads to the 
left; for adding a load to the right increases the left reaction, and, 



stress. 



f^-,fr'-*;' 






%-^a''^v 




Fig, 57. 



therefore, the positive shear. On the other hand, when the loa«l 
W passed to the left, still covering the right portion, the increment 
to the left causes a negative shear to be set up. Hence the maximum 
shear at any point is when the head of the load has advanced to 
that point. The value of the positive shear at N 

"hen the whole load has just come on the beam / - a: = a, and the 
shearing stress = --^ . This is the equation to a parabola with 

^'ertox at right end, and maximum ordinate = -__ at a distance a 

from the vertex. Beyond that distance, i.<.\, for any point at any 
P^ition iTp measured from A, the shearing stress 






E 
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Oombined 
moving and 
lead load. 
Shearing 
itreBS. 



i,€,j the curve becomes a straight line tangential to the parabo 
{Fig. 57). If a^i be measured from the point B, the positive shear 



_ rmx^ 



wa' 



I 



21' 



When the load has advanced over the whole beam, the positi"^ 
shearing stresses produced by the load in its passage are representc 
by a parabolic curve, found by laying off at each abutment an ordinal 

= — . Where the length of the load a is less than /, set off BD = 

and draw DD' to the curve. From D' draw D'E tangential to it 
curve. ED'B gives the diagram of positive shearing stress, and 
similar inverted diagram gives the negative shearing stress (Fig. 5T 

Where the beam is subjected to both a dead and a live load, tt 
one uniform throughout (as in the case of the dead weight of 
bridge), the other moving from one side to the other (as in the cas 
of passing trains), the maximum positive and negative shears ai 
found by combining the shears due to each system of loading. I 
Fig. 58 EF represents the shears due to the dead load (Case 11 
p. 114, Part I.), and COB, AO'D represent the shears due to tt 
rolling load. The maximum positive shears are found graphicall 
by adding to the ordinates of EF those of CB, giving the curve 01 
This curve crosses the axis at G, the dead load negative shears t 
the right of this point being greater than the live load positive shear 
Similarly for the negative shears. Between H and G both kinds c 
shear are possible. The dotted line CD' represents the shear ths 
takes place when the whole rolling load is stationary on the bridg- 
It will be observed that the ordinates from AB to CO and D'O' d 
not differ much from those to the dotted line GU except for a shoi 
distance in the centre. In Fig. 58 the live load has been drawn c 
greater magnitude than the dead load. The difference between th 
ordinates to the curve CO and to the dotted line would be still lee 
if the live load were diminished. Hence we conclude that in 
bridge of considerable span, such as that constructed for the passag 
of troops, where the dead load is relatively great, we may usuall 
calculate the shearing stress on the assumption that the whole bridg 
is covered with a uniform load. 

As illustrating the foregoing we may take the foUowin 
example : — 

Example 5. An engine 20' long^ with a weight of 3 tons per f(^ 
run, coines on a 50' bridge. Find (a) the Ms at 15' from one abufm^ 
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§fi On posiUon of the load ; (b), the Mg at the centre and the position 
^ fkkad ; and (c) the shearing stress at W from the centre. 




Fig. 58. 

(«). The Mif at 15' is found from equation (y). Substituting 

Mfr=^^^^^^^^^ (50' - 15') (100' - 20') 

= 504 foot-tons. 
*"« position of the centre of the load is found from (/3). 



z = 



20 



2x50 



{50 -(2x15)} = 4, 



^ fcbo distance of the centre of the load from the left abutment, 
^ken Uie Mf at 15' is a maximum, is 15' + 4' = 19 feet. 

£2 
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(6). At the centre, from (o) — 

Mot= ^ ^"f ^ ^^' {(2 X 50) - 20} = 600 foot-tons, 



and 



8 



20{50-(2x25)} _Q 
2x50 



i.e., the centre of the load is directly over the centre of the beam 

(3). As 15' from the centre is 10' from one abutment, 
maximum shearing stress will be when / = 50, a = 20, and x = 40, .• 
is 



tva 



2 



wax 



2/ "*" / 



3 X 20 X 20 . 3 X 20 X 40 ^^ . 

- + — = 36 tons. 



100 



50 



dUtanoe 
apart. 



Case 3. Two Case 3. — Beams mppoi'ted, exposed to rolling load of two equal 
at ™fixed unequal weights at a fixed distance apart. This would he the case i 

the wheels of a truck, or a gun and limber, etc. The Mg will evide 

occur either under one of the loads or between them, at some point, for t 

positum. 

Let Wj, Wg represent the loads, a the distance between the 

Let Fig. 59 represent the loads in any position. Take a point F 



^ 













.«--.); 



■'—€L > 

/ — 

Fig. 59. 



I 



the beam such that AFiFB; ; W^; Wg, and consider the MfOni 
section between A and F. Let x — the distance from A of sue 
section. When Wj comes on this section — 



and at x 



Ka = Wj il-=f) + w, (^-^^) , 



X 



M,=-'{(Wi + W2)(i-x)-WjO} (a) 

V 
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Similarly for any section a^ between F and B, measured from A, 
rhen W^ comes on this section — 

M,= R:xj-Wia=S{(Wi + W,) (l-x,)}-^{l-x,) ...(/3). 
Differentiate (a) for a maximum — 

Hence . = i^- ^^^t'W^ W- 

a 

Similarly differentiating (/3) for a maximum — 

Hence the distances of the positions of maxima bonding moments 
may be measured from the centre, and are, for the left portion, 

W a W a 

ttpressions ^ — -^r=- and ^ — ^-^^ represent the distances of Wj and 

VV 1 "I" ' ' 2 1 ' 2 

W* respectively from their common centre of gravity. Hence we 
MC that the Mfjf will be when the point midway between the 
common centre of gravity and the heavier of the two loads is over 
the centre of the beam, and is under the heavier load. 
When the loads are equal, as in the case of a railway truck — 

_ / _ Wa _ ^ _ » 
^"2~2X\V + VV)"2 4* 

Hence the position of the Mfff will be on either side of the centre, 
■'^ at a distance = \a from the centre. 

Graphically, the diagram of moments may be represented by first 
^ing the position of the maxima bending moments as in (y) and 
'2)» and then drawing ordinates, the values of which are obtained 
^y substituting in (a) and (/3) the values of x and x^ found in (y) and 
\^)- In any actual case the substitution of these values presents no 
^ulty, although algebraically it gives a somewhat lengthy 
•qnation. 
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To illustrate the foregoing we may take a few examples : — 
Examples of EXAMPLE 6. A bridge 30' span w traversed by a truck with wi 
fixed 10' apart, and loaded with 5 Urns on each wheel. Find the txdue 

distances. position of the maximum Moment of Flexure. 

Here W^ = Wg = 5 tons. 

a =10'. 

5 X 10 
Then equation (y) becomes a; =15- — — — — = 12-5 feet. 

gives the position of Mflf. Substituting this value in (a) — 
Mflr= i|-r {(5 + 5) 17-5 - (5 x 10)} = 52*08 foot-tons. 

Example 7. A truck with 3 tons on one wheel, 7 tons on the oi 

and axles 8 feet apart, is crossing the same bridge as in the former exat 

(span 30'). Find the value and position of the Mfo, and draw the c 

of moments. Here 

Wi = 7, W2 = 3, a = 8, / = 30. 

From (y) and {I) the positions of the Mff are 

x= 15 - ,^4^x = 13-8 feet, 
2(3 + 7) ' 

and x^ = 15 + ^^^ = 17-8 feet. 

The points of Mff are on either side of the centre 

15 -13-8= 1-2', 
and 17-8 -15 = 2-8'. 

Substituting the values of x and x^^ in (a) and (/3), in the left 
of the beam — 



Mff=^^{(W, + W2)(/-x)-W2a} 



30 
and in the right half 



{10 X 16-2 - (3 X 8)} = 63-48 foot-ton 



Mff = ^UWi + W,) (? - ^r,) - ^^^ (/ - a.,) 



11^ (10 X 12-2) - lii? 12-2 = 49-3 foot-ton 
30 ^ ^30 
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The Mfff is, therefore, in the left half of the beam, at a distance 
1*2 feet from the centre, with value = 63*48 foot-tons. 

Graphically, this would be as represented in Fig. 60, the curves 
being parabolas passing through one end of the beam line and the 
maximum ordinate at each of the two positions of M^. In this 




Fig, 60. 

example the heavier of the two loads is in rear when the bridge is 
W)88ed from left to right, and vice versd. As the truck may be 
reversed, the bridge must be designed to take the greatest loads 
«oming in either direction ; it would be necessary to consider the 
<urve of moments as shown in dotted lines, i.e., on the right a 
^petition of the left or maximum curve. 

Shearing Stress. 
For two loads W, and Wo the maximum positive shearing Shearing 

fttrcsft for tW' 

*treg8 at any point is {Fig. 61) when Wj is just to the right of that loads at a fix. 

^y (iistance. 

point The shear due to W^ at :k is Sj = -j^ {I - j;), being the reaction 

pw>duced by Wj at A. The stresses produced by Wj are represented 
^phically by the line CB, where AC = W^. 
The shear due to Wj when W^ is at x is 

When x=l—a this = 0, and when x= -a it is = W^. Hence by 
drawing AG= -a, and BF also = a, (AF = ^-a), and drawing the 
ordinate GE = W^, we get the line EF = the graphic representation 
0^ the shear due to Wj. The total shear due to both weights is the 
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sum of those produced by each singly. Then by making CI = i 
and taking a point K vertically above F, we get the positive sh( 
ing stress diagram 1KB. The negative shearing stress diagram \ 
be similar, but inverted. It would not be an equal diagram unl 
the loads were equal, but it would bo found by a precisely simi 
process. 

e_ 



I 



Oy- 




■JC 



"■M 



1 



i 




Fig, Gl. 



»ectof 
mtrifugal 



)rce. 



For three loads the diagram becomes I'K'B, and if the loads a 

equal the curve approaches a parabola in the limit when the load 

uniform all over. 

Lateral Effect,'^ 

We have still to consider the lateral pressure arising from tl 
centrifugal force due to loads moving in a curve and from wii 
pressure. There are also indeterminate stresses due to oscillations 
the passing load. This total lateral pressure must be resisted 1 
horizontal bracing. 



* Chiefly from Modem Framed Struct tireSy by Professors Johnson, Turneau 
and Bryan. 
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As regards centrifugal force, the amount F of a weight P moving 
in a nuiius r is = — x P. 

gr 

If the radius r is expressed in the degrees* D of a curve with 



chords of 100', r= 



5730 
D5280 



, where 5730 = radius in feet of a P curve, 



and since ^ = 32-2 feet per second = ' "^^'^^t?.^ ^^ = 79,100 miles per 



5280 



boar, we have 



F = -^^ii^^ X P = -00001 1 7t;2DP = ifcP, 
5730 X 79100 

where f is in miles per hour, D = degree of curve, P and F are in 
tons. 

Fig. 62 represents a transverse section of a bridge. The e.g. of the 
load is at G, witli an eccentricity ^, 
partly caused by curvature of the 
track, and partly due to the horizontal 
displacement caused by superelevation 
oi the rails, or one mil in a single line. 
The line DD' is the centre of a cross 
girder or beam. AA' and CC are 
l»tenJ struts. 

The loads P and F, caused by the 
dead weight and ^lie centrifugal force, 
retransmitted to the cross girder, and 
thence to the verticals at DD', Fig, 63 
shows the cross gir<ler with reactions. 
The horizontal reactions are 




Fig. 62. 



/' 



*^t = - , assuming them to be f 

«H«al. The portion of these J /' fii 



G 



/ 
V 



JDAF 



--- b 

Fig. 63. 



"F 



t"l«w. ine portion oi tliese 
forces taken by the lower laterals 

»iU be F X 'i~^ , and the por- 

"^D at the upper laterals 

'X,, one-half of each being applied at each side. The Mf at D 

widD' are = 1-^-1:^^ 
2 h 

* This refers to tho American practice of laying out ciirvea, a practice. 
»»oweTer, which is universally adox>ted in India. 
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If the moving load is taken as uniform, F and P are t 
same for all parts, but if wheel loads are taken, F and P vai 
Since F is a constant function of P for any one problei 
the maximum moments and shears in the lateral systems, di 
to centrifugal force, will be a constant function of the maximu 
moments and shears in a vertical truss due to the actual whe 
loads. Hence for the lower laterals, to get the maximum momen 

and sheai*8, multiply those found in the vertical truss by ^(— 7--] 

and for the upper laterals multiply by A; ~ . The maximum value ( 

F = maximum vertical floor beam load x h 

Usually one of the lateral systems lies practically in the plane c 
the floor beams or cross girders, in which case the whole of F i 
•carried by this one lateral sj^stem, and the verticals receive no bend 
ing moment. 

The vertical main trusses supply the reactions V and V. Takinj 
moments about D' we have 



p(i-0- ^/ 
— I — 



y=^^^ — =p(i-i+M). 



and since the sum of the vertical components = — 



v'=p(i+^'^^). 



From these two equations we see that the inner truss receives it 
maximum load for a minimum value of ^, i.e.^ when the line i 
straight ; and that the outer truss receives its maximum load b 
a maximum value of k. 

If there are longitudinals at DD', each will receive a lateni 
moment and shear equal to k times the maximum vertical momen 
and shear due to half the actual wheel loads. This moment J 
taken by the upper flange and adds to its stress, and the shei 
necessitates extra rivets to fasten the longitudinal to the crof 
girder. 

Wind Pressure, 

Lateral wind The subject of wind pressure on structures has been considere 
S^gea? " in Part I., pp. 233 et seq., in its general bearings, and specially i 



onneetion with the design of roofs. It remains to consider tliif 
matter as inflnoncing the design of bridges." 

The exposed aron of the span of a bridge consists of the exposed 
■vertical surface of the windward girder, of the floor Byetem, and of 
the leeward girder (or at least so much of it aa is not compielely 
and closely sheltered by the train). In adrlition to this, there is the 
■nrfice of a train on the bridge, reckoned at 10' high and with 
': Uritlom 3-5' above the rails. The wind pressure on this may be 
r.' n at 30 lbs. per square foot. 

I In ordinary heavy railway bridges the exposed areas per linear 
:.nji uiuy be roughly estimated at 10 square feat for the train, 
1 square foot for the ends of the sleepers and sides of the guard rails, 
1 tqnarc feet for the longitudinal Roor girders, and 5 square feet for 
ftith Inisa or main girder, or a total of 10 to H square feet for the 
I 111 wind load on the two trusses and floor. 
Ill ordinary double track railway bridges, with vertical wind 
■iiiag, the wriffht of this biucing for both trusses may be roughly 
■ 'mi!iie<l at 

I — - + - — - ) lbs. per lineal foot of track, 
\170 ]i / lo 

!iTe/=longth in feet, N^number of panels, /y = panel length in 

',4 = breadth of the bridge in feet. 

A' tho wind may blow from either direction, some of the members 
■ tlii; bracing may be called upou to hear alternate tensile or com- 

' 'live stress. Counter-bracing may be necessary to prevent this, 

iiill he presently shown. Where there are members thus subject 
'<lti?rnate stress, they should be designed to resist either class of 

(■•3, and the factor of safety should be lai^e, on account of the 

I'rinration produced by reversal of stress. 

Wrtieal lateral bracing is often introduced between the vertical Vertioul 
\m\» of the main gii-ders at panel points, in order to prevent the '""'"I'- 
iiiilependent lateral vibration and swaying of vertical trusses, also 
'" -litTen the long vertical posts, and assist in carrying some of tho 

ii'l itresscs to the leeward girdei', 

I lie modifications due to diagonal directions of the wind, i.e., when 

'*ing in directions neither horizontal, nor exactly normal to the 

■" of tho bridge, must be considered. The vpliftmg pressure is 

' Tli« trcatmeal of tile subject here given ia largely t&kon froni & paper by 
' i"'"ii W. H. Bixby, U.S. Enginaere, publiahpil in 189.'>. cm.i also frum 
""•ii' of I'rorfdiiigii, laalittUioa qfCicii Enyinetr; Vol. LXI.\. 
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generally met by so arranging the flooring that it may be toi 
up from the floor girders before the upward lift of the wit 
becomes great enough to throw serious strain upon the mai 
girders. 

Downward jrressure is of comparatively rare occurrence and litti 
force, and need not be considered. 

The greatest strains will usually come on a bridge where the win 
is blowing horizontally and normal to the line of the bridge. Bu 
as a considerable deviation from the normal must take place befor 
the pressure is sensibly diminished (see Fig. 212, p. 258, Part I.) 
a diagonal wind may deprive the leeward girders of the advantage o 
shelter which they would have had from the windward girders i 
the wind had been truly normal. Thus a diagonal wind may caiisi 
greater strains than a normal wind. Therefore, if the strain on i 
bridge be computed from that of a normal wind, the effective ar« 
of all vertical trusses must include at least all surfaces that may b< 
reached by diagonal winds of about 45^* angle. This of itself wil 
usually prevent the necessity of considering the effect of anj 
possible shelter by any verticals or diagonals in braced girders. 
Sudden gusts. As regards gusts, and the sudden pressures thereby brought oi 
the bridge, it seems reasonable to assume that these will not extern 
at one time over more than 600' to 1,000' length of any bridge 
and such pressure should be treated as any other live load. Ai 
the maximum pressure of gusts during storms of maximum intensit) 
will occnr so rarely, and the strain of the metal will therefore be s( 
slight, it seems reasonable in such cases to allow the stress to read 
nearly the elastic limit of the material. 
Provisions for Consequently it would seem that wind pressures would be 
presfeUR*. jjj^piy provided for by allowing for (1) a dead load wind pressure = 
the average steady pressure of high winds over the entire effectiv( 
area of the bridge with the train on it ; (2), a live load wine 
pressure of 50 lbs. per square foot over from 600' to 1,000' ii 
length of the bridge, and 30 lbs. per square foot on the remainder 
If the shape or form which the members present to the wind actioi 
is not rectangular (for instance, round tie bars presenting a cylin 
(Irical shape) the effect of the wind pressure might be modifiec 
accordingly (sec p. 236, Part I.), though as a rule this is not takei 
into account in practice. 

Sir Benjamin Baker's Forth Bridge experiments have shown thJ 
the average pressure on a large surface is much less than th 
maximum pressure exerted on small portions of it. Thus tl^ 
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_3 pressure on ft eurfacQ 20'xl5' was found to be not more 

tluut 66 per cent. oF that on a smiill surfitce 11 Equaro feet. 

The Committee of the Board of Trade, which considered the 1! 
siiKjoct after the destruction of the Tay Bridge, recomniBiided ; — 

1. That in exposed sitiiations the maximiim pressure to be 
jin'viJed shall be 56 llw. ]>er sijimre foot of siirfaee. 

i That for ojien lattice work tho Burfaee on which this presauro 

■ - =hould be from once to twice tiie front area, according to the 

' iiings in the lattices. 

■ Tliiil for iron or steel work a factor of safety of 4 should be 
■ii'led. and considering tho tendency of the bridge as a whole to 

uerliimed, a. factor of safety of 2 should be pro\'ided. 
'A"e iiiiiy now consider the arrangement of the bracing. The -^ 
. II girders should bo braced together in a horizontal direction)', 

-iii'h a way as to transmit to the abutments the horizontal 
■■■MK. Where the roadway of the bridge is on the upper booms 

■ ]N>Miblo to construct tho bridge with horinontal bmcing both on 
■ lliKir of the bridge and between the lower booms, as well as 

"ic.il sway bracing between the panels. But where the flooring 
: UiL> bridge is on the lower flanges or booms, it ia only possible to 
"L- this double system of bracing when tho depth of the girder is 
■liii luntly great to allow of headroom over the roadway and under 
' iijipRr bmcing — a state of affairs which in English practice is 

■ninmitively rare. If the floor of the bridge consists of wronght- 
n i-T steel troiighing, or plates resting on cross giniers, or brick 

■ f-S or any similar construction, such flooring in itself fulfils all 
' 1 i!i]uirements of wind bracing. 

^Uioii the floor consists of limber it wi!l be necessary to introduce 

j'tta,] bracing, and with deep girders where tho floor is on the 

' ' r hoitma ; the top booms should bo connected if there is suDiuient 

itioom. 

il<e actual design of latoral bracing wilL bo exactly ou tho 

'iiil>le3 of the Howe or Warren giniers, to be described in a later 

i;'U-r. There is, however, this dltTeronce, that wliereas in a 

■ !K-ftl girder tho woight of the bridge, and any i>assing loads, 
"liicing stresses in the various members, all act vertically down- 

'^'Ib, in a htteral or horizontal system of bracing, the wind pressure 
'! !icl iu either direction, and it will, therefore, bo necessary to 

' '^iJe for the difference in stress that may thus be produced. 

limsiu Fiy. 64, which shows tlie plan of u bridge of six panels, 
"iitu the wind is blowing in the direction of the arrows, tho bars 
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drawn in single lines are in tension, and in double lines in coi 
pression, a condition of things which would be reversed if the wii 
blew from the opposite direction. To obviate the disadvantog 
which would be produced by designing the various members to tal 
either class of stress, counter-bracing is resorted to, as shown i 
Fig, 65, where the short bars are always in compression, the incline 
bars drawn in continuous lines are in tension, and act when th 
wind blows from the left, but are inoperative when the wind blow 
from the right, the tension being then taken by the dotted bars. 
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Fig, 65. 



The method of calculating the stresses in each bar will l 
explained in Chapter V., where braced girders with parallel flang( 
are considered. 

In some cases of timber bridges lateral stability is given by stm 
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a the girders or railing, as shown on Fig, 66, or by a frame 
ufficient headway to admit of traffic. See the drawings of 
urroo Bridge and the Barra Bridge {Plates V. and XI., pp. 110 
48). 




Fig. 66. 



subject of increase to the loads which should be made to Recent 
nsate for the velocity of movement has been investigated by Austria.^ * 
istrian Scientist, Professor M6lan {Minutes of Froceedingst 
'im of Civil Engineers, Vol. CXVIL, p. 411). His conclusions 
it the actual rolling load should be increased by a percentage 
jnted by the following formula : — 



800 



centage increase = 14 + j—y^ , where L = span in m^res. 



the greater the span, the less relatively the effect of the 
load. 
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This formula gives for the following spans — 



.^pan in feet 

Percentage increase 




1312 


16-4 


32-8 


49-2 


6,-) -6 


98-4 


131-2 26 


710 


67 


54-0 


44 


41 


34 


30-0 


2 



















The state of our knowledge on this subject is far from perfe 
There are many circumstances which modify the dynamic effect 
rolling loads — (i.), the successive changes of form, which the la 
produces when it passes over a bridge, take place with a certa 
tspeed, and cause vibratory movements which in turn devel< 
stresses ; (ii.), the centre of gravity of the load in its passa| 
describes a trajectory which is generally curved. This developi 
centrifugal forces, the action of which either adds or diminishes tl 
load caused by gravit} according to whether the trajectory 
sagging or hogging ; (iii.), the unevenness of the line, and shocks i 
repeated intervals (as previously pointed out) causing regular vibn 
tions; (iv.), the differences in the vertical loads, produced by th 
balance weights on the wheels, or by alterations produced by othe 
parts of the machinery in motion. 

These can only be very approximately reduced to calculatioE 
Practically, they indicate that, to ameliorate the results of th 
•dynamic forces, the line should be as continuous as possible, th 
rolling stock in good order, interior cylinders should be used oi 
locomotives, and the balance weights should be as small as possible 



APPENDIX. 

Vibration ok Be^vms from Impact. 

The periodic time of vibration of beams from synchronous impacts \» 
been found to be 



= -ocm/^y Pj . 



f = 



where ^ = tinie of vibration in seconds. 

/ = lengtli of l)eam in feet. 

P = total load in lbs. on the beam uniformly distributed. 

I = Moment of Inertia of the section in foot- niiit.t, 

E = Modulus of Elasticity in lbs. per square inch. 
When the time of vibration coincides with any synchronous impact, th 
amplitude of the vibration rapidly increases until a comparatively 8n» 
impact may by repetition produce serious deflections with their correspondin 
stress intensities. This is the reason why troops passing over a bridg 
jshould break step. 




Tnl of Cunstnictionimtl ot CnIc illation.— Market Sines of Iron iv 
I'rsi'tioal ConBiiloralitniB of Depth, WiJth, etu. — Steps to be taken iu 
!«migii, — ritsphic Methmla. — Theoreticiil Objeclions Diaouflged. — 
Kuunple. — Various Forms of BrLilge Floors. — Appendix. 

i ■• I'art I., CUaptors V.. VI. and VIII., the princi|jle of the ffirdfr P 
iitTo the flanges are designed to resist the transverse stresses, and 

■ ■■•" ireh tu resist lbs shearing stress, fans been fully detailed. Tfae a] 

■ j'plii-alion of this principle, liowever, has been there confined to the " 
' jrinu- limits of rolled beams of iron or steel, and to rails. Rolled 

'.ins of the ordinary I-scction are evidently not theoretically 
' iKiLitntcnl for ani/ case, becuiise the erass seetion, being constant, 
■ill give a Moment of Resistance ivhit-h, if sufficiently groat to 
"-■"i^tlhe (jTCHtesl Moment of Flexure, will be more than sufficient 
'"r iliu other parts of the Loam where the Mf is less than the 
Uiiiimum. Hence at all sections other than that of greatest stress 
'':rr« is an excessive amount of metal in the beam. This is 
i"i-iiilly the case in supported beams, which, aa compared with 
^I'lorwith continuous beams (under similar conditions of load, 
!"ii, ett.), have greater differences in the value of Mf from the 

limiim to the minimum, 

ilms we see that, although very convenient, pnieliatlli/ economical, B 
■'I'i for all ordinary house construction quite Btifficient, rolled iron ^ 
"jif-ftl beama of I-section are ot very restricted utility when spans 
' iri}' considerable length have to be bridged, and carry heavy 
"1'. To i-esist the bending moments now brought into play, built- 
'' giriUrs must be employed, and the metal in these must bo 
'i.ini^d so as to meet in the most economirad manner tfae varying 
'iM0§ brought to bear by the action of tho external forces. 
iUmg up by means of plates, angle irons, etc., is ox]>cnsive work, 
i« » compensjitcd for hy facilities which are afforded for the 
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economical arrangement of metal and the possibility of attaching 
secondary members. 

As rivetting the parts is both a source of weakness and expense, 
it is desirable to use such forms of plates, angles, etc., as will suffiw 
for the required work with a minimum of rivetting. 

The plate girder is the first of these built-up beams that calls foi 
examination. It consists of horizontal flange plates united to a thin 
vertical web plate by means of angle irons at top and bottom, 
rivetted to both web and flanges. 

The Mr produced by the web plate is obviously small compared 
with that of the flanges, and is ordinarily neglected, although there 
is no reason why it should not be assumed to resist its due proper 
tion of the Mf, since the web and flanges distort together as one solid 
beam. The web is considered as resisting the whole shearing stress 
The function of the web is to transfer to the flanges through the rivet' 
the stresses developed in the beam. The accurate calculation of th( 
Moment of Resistance of the whole beam would be to includi 
^ net area,* or ^ gross area, of web, in addition to the area of th( 
flange, as under direct stress. 

The flanges are generally made of the same size. The resistant^ 
of each is, therefore, considered the same, for wrought ironf or stee 
have practically equal resistances to tension and compression {m 
Table XVI., p. 60, Part I.). Hence the Moment of Resistance 
of the cross section at any part is obtained by considering that th( 
stresses in the two flanges constitute a couple in which the forc< 
is equal to the resistance aftbrded by one flange, and the arm is th< 
distance between the centres of gravity of the two flanges. Thusi 

r = the intensity of resistance in tons per square inch to tension, 
a = net area of the flange (tension flange), having deducted th 

area of the rivet holes, 
d = effective depth of girder at the section in question, 



then 



Mr = 7m/. 



In this equation d is usually taker, as the total depth of the girde 
though, properly speaking, it should be the distance between tl 
centres of gravity of the flanges. 



• See page 99, Part I. 

f III wrought iron the intensity of resistance to tension is greater than 
compression. As the rivet lioles have to be deducted in tension flaDges, t 
area of the two is made the same. 



Utlier nnd fltill more accurate mottiorl of ascertitining th« 
Miiment of KesisUnce of the Heclioii is to calculate its Moment of 
Inertia, and apply the general formula — . This method is generally 

followed by Continental engineers, but the approximate method is 
KtLully considered eiiHicient in England. 

Ab rogards the value of r, wo must take into consideration the v 
niiiim of the load, the span, and the ratio of live to dead load. On „| 
liiii^ span bridges the Btreasea due to the de:Ld load may be very '" 
piai compared with those due to any live load likely to be borne. 
"i 'mall apan railway bridges siibjoct to the rapid movements of 

■•'■■y trains, as pointed out in the preceding chapter, the liva load 

■ \''-:vt may be far in excess of those due to the dead load. Hence 

I'lidees o( this class the i-ango of stress conning on the metal 

■ ''ilii bo very much greater than on those of the former class. As 
'■I'ifoi the metal is produced by diflerencea in the stress, or by 

i<["^ate<l applications of load, a small unit stress must be allowed 
•tiTc the range of stress is large, and iw rtrsd. 

Fur gtcel strueturea it is customary in Etigland to allow a working M 
':il^iBof4i tons per square inch for railway bridges of 20' span and J[J 
uiiiier. 5 tons for 30' spans, 5^ tons for 80' s[Kins. No tensile stress E 
"'I crnss girders or rail huarora should exceed 4 J tons. For wrought 
i'"ii the working stresses should be about 20 per cent, less than 
■i>-'' fur steel. 
^Vith road bridges over railways, rivers, etc., these stresses might 
^'l.i be increased to 7 tons for steel and Ti tons for wrought 

ii is perhajta necessary to bear in mind that the steel used for 

I'lruction of bridges should be that having a tensile strength of 

111 30 tons per square inch, and a 25 per cent, ductility in a 

-:[li of 8 inches. Such astoel is about 3U per cent, stronger than 

■libt iron, and four times as ductile. The relation between the 

:'ii>'.tl and physical characteristics of various classes of steel is a 

. impnrLant and interesting^ matter, but is beyond the scope of 

work. 

■'jicol haii also another advantage over wrought iron, in th.tt there 

M n<» appreciable difference in the strength, in the direction of 

rolling, or tmnsvei-sely to that direction. Prjtctically this is a 

nutt«r of much importance, for in building up steel work the 

mechanic has not to consider the direction in which a bar or jilnte 

tlioiild 1)0 arranged. 

f2 
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Market Sizes of Iron, 

iarket sizes The next point of practical importance is to consider within 

teeL limits iron or steel plates and angles are obtainable in the m 

Obviously the design should be based upon material ordinal 

be purchased, because special sizes entail a relatively higher 

Of course, sometimes there may be reasons for paying an extra 

for a special size. Such instances would be exceptional, and 

not be considered. 

Improvements in manufacture have of recent years enabled 

larger sizes of plates to be rolled than formerly were obtainable 

fact, the limit nowadays is determined not so much by the difl 

of obtaining large plates, but from the practical inconveniei 

handling very thin plates of large area. 

The following are limits of wrought iron published by one' 

of manufacturers : — 

W. Iron. 

Area, maximum square feet ... ... 80 

Length, maximum feet ... ... ... 30 

Width „ „ ... ... ... 6. 

Thickness between ... y^' and }* 

These may be compared with the following limits of steel 
published by the Steel Company of Scotland, and by the I 
Steel Company : — 

Steel. 
Area, maximum square feet ... ... 250 

Length ,, „ „ ... ... 50 

Width „ „ ,, 10 

Thickness between ... ... ... ^Y" and I" 

The maximum dimensions of area, length and width cann 

be obtained at once, because the plate has to be rolled from an 

of a certain maximum weight. This limit of weight is ordi 

10 cwt. in wrought iron, and from 40 to 60 cwt. in steel. 

iteel plates, The fact that steel plates can be obtained of dimensions so 

areersize larger than wrought-iron plates is a strong argument in fav( 

;han wrought its use, for not Only is the strength greater, but the greater j 

''^* the plates enables fewer joints and rivets to be used than woi 

necessary under the same conditions with wrought iron. 



* The Lilleshall Company. 



^1 AiAithiT firm gives the ^^^^^^^^^^^^^| 
^H Market Sises of Steel FUiUs. ^^^^^^^H 




i" 


A" 


i" 


ft' 


i" 1 A" 


8" 


r 


I- 


1 


'I'light, cwt. 


20- 


23' 

10 


2iC 
13 


29- 

B'lO" 

17 


30' 1 32' 

6'2',6'6" 
31 2Q 


33' 

r 

32 


33' 


35' 

r 

45 




'■ From this table for plates of a certain thicknesa, if the width of 
'ill' plate 18 fixed, we can immediately find out from the maximum 
"Tight the nmximiim length, aud if the length is fixed we cun find 
111" niasimum width which tan be obtained without extras. By 
I'J.mieiit of extra charges tlieae len^'tha and widths can bo increased. 
. . There is generally an extra charge for plates under 
' -' vide, and some makers make an extra charge for plates 1" thick. 
ifjflMseial arrangemetits plates of almost anv required size can be 
"buined."* 

Angle burs of steel under 11 united inches and over 6 united Anftle mu 
I'lclw*. and in lengths up to 50' or 6U', and T-irons between 6 and '''-'"""■ 
liiiuiiteil inches, can be obtained without extra charge. "United 
"K^m " roeana the sum of extreme breadth and depth of the angle 
'Tiroa. 

The ends and erlges of all plates should be planed, and must abwt 
iTfeelly true, and the angles and T-irons should be neatly finished 

' It the ends, The planing of plates may be dispensed with if 
■I'li'igonient is made with the manufacturers to "roll" the edges. 
Ill ejitra price has to be paid for tbia, and the width of the plates 

■ I'lIleJ is generally limited. 

Tlio necessity of using ordinary market sizes in design is a very Ordinaiy 
miiurtnnt detjiil, and should always be borne in mind. There are XoM^a 
1 'cvr other poinU of a practical nature which may also here be be a»ed in 
'""iW to. The plales used should not be leas than j" thick, as any ^^l^ 
""dition may seriously affect their strength. To lesson the evils 

^^L - FitTJimurico, Plate Girdtr Jlulh-U!/ Bridge-. 
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of corrosion, it is advisable to add ^t" to thin plates, or Y 

when much exposed. In the webs of 
girders, a thickness less than f " is seldom 
used. 

As it is most necessary to paint iron- 
work periodically, the design should be 
arranged so that all parts are accessible. 
This puts box girders (Fig. 67) out of 
the category of economical designs, except 
those which are large enough for a maa 
Fig. 67. ^ ^^ ^^^ iimdQ. 

Practical Considerations of Depth, IVidili, etc., of Built-up Beams. 
If we increase the depth, we see from the equation Mr = ra^that 
the flange stress ra is diminished. It will, no doubt, be advantageoiWt 
if heavy loads are expected on the bridge, to have deep girders. 
But in so doing the web will probably require stiffening. It must 
also be remembered that, where the load is carried on the upper 
flanges, head room below the proposed road level is frequently a 
matter of importance, while, on the other hand, if we carry the 
roadway on the lower flanges of the girder, the upper flanges of a 
deep girder may interfere with traffic, or else a wider bridge is 
necessary. Thus, in the case of a railway bridge of three gii-derSjif 
the flanges of the central girder project more than 2' 6" above rail 
level, the width of the bridge will need to be greater than it would 
be if the depth is kept below that level. The depth is, therefore, 
often limited by local considerations. 

Other things beinp: equal, it is always better to carry the roadway 
on the upper flanges. This construction brings the weight more 
directly on the girders, and saves trouble in fastening the decking 
or cross girders. Assuming that it is possible to adopt this form of 
constniction, the usual depths adopted vary from -j?^ to yV of the 
span for small spans (up to, say, 40'), but greater depths maybe use<l 
for longer spans. Professor Johnson gives the following formula for 
the economic depth, where the M^ of the web is neglected : — 

where (/ = depth in inches. 

7n = central bending moment in inch-lbs. or inch-tons fronfl 

dccad and live loads. 
/ = thickness of web in inches. 
r = allowable fibre stress in lbs. or tons, in conformity with *" 



(^=1 
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Tkis gives a greitter depth ihiui is nsuiil in English practice. 

i'lie irrailth of the girder is governed tiy the considerations of fair Bnadth d| 
"ii'iitiog on Llie piers, and lateral buckling of the cumpression flange. ^ *" ' 
It m.iy ha either taken ae a proportion of the span, ^V ^ -^a. ^t a 

:iiiiiicnt width between l'2"(tricl 21" may be assnnied, aa experience 

-liown thjit thpse limits are anitalile for spans from 20' to 60', 

'ne effective length should be considered from centre to 

i;ntre of bearings. 

iliirro should he as /pic juinU as possible. These are always n Joi"'" «1"iiiM 

-i'o uf expense, h.^ve the effect of reducing the Modulus of 

■ I'ieity, and intrwluce uncertainties of strength from variations in 
'' ''■ knuinship. The work generally should be as uuiform as possible. 

' 'lie end of the girder should bo fixed ; the other should be froo to Expanaioi 

' I'.ind and contract. A variation of temperature will produce \a a 
' ml which is immovablo at the ends a definite stress per square 
'11 uf section without any increase to the load. For s|mns below 
■'I, [ilaned casl-iroii plates, lend, felt, or timber baulks are placed 
'iiirkr the free erid, so us to allow of easy longitudinal niovemeut. 
Tn lUlow both ends to be free is dangerous, as, especially on an 
"ifline, the "creep" of the rails may work the girder off the abut- 
ni :iU. This iH particularly the case in hot L'lini:ites, and instances 
■ '^li occurred of bridges having nearly worked off their bearings. 
I "r >i|ntns over 80', plate girders are seldom used, but if used they 

ii"iilcl have rollers under the free end. 

Slr.pi In he Tutnt in lM4<j>'. 
H ibu depth d of the girder is given (cither by taking a ratio of .'4t«pB in 
'he Jipan or otherwise), the following steits should be taken in '*'*"'"'■ 
'iisigning a wob girder for a given span and loading (dead and 

H). From the given 8|«in, weight, and depth, find the Jltinge Fhoigv. 
'■'>irn (where r= stress intensity of the meud and n = <trm of thr 
mr/lr irtnLi) at any point by eipiating the Mf at that point 
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'■-I- Select suitable market sections of angh 
■Urea, This area will constitute a part of 
' mule up of plates. 

'^1- From the area of tho plates thus ascertained, find the total 
'"i-^it a/ llir jlitinjr by assuming a width either ji^ span or = about 

). Having foiuid the flaiiyu tbicknesa, take 
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plates and settle the number of jdates to be used. This vnll fix the 
thickness of each plate. 

(5). The thickness of the plates will govern the diameter of {k 
rivets (see p. 217, Chapter X., Part I.). 
Joints. ^%y The considerations of limiting dimensions of plates will 

determine the position of tlie joints. Find the Mf at those joints. 

(7). Find the flange stress ra at those joints by equating the M 
found in (5) with rad^ where d is the known uniform depth, and ra ii 
the flange stress at the joints. 

(8). Find YfhdX proportion of that flange stress at the joints is borne 
by the plates and by the angle irons, respectively, by comparing 
their respective areas. 

(9). From this flange stress find the number of nvets for the covci 
to the joint, both in shearing and bearing. If the angles regain 
covers or " wrappers," the same procedure can be followed. 

This completes the design of the flanges. Now we have to con 
sider the web. 
'iVeb. (10). We must ascertain the thickness of web and the number au 

size of rivets required to fasten it to the angle irons. As the web « 
designed to resist the shearing stress, and as that stress is botl 
vertical and horizontal, the number of rivets required in a giver 
length to fasten the web to the angle irons, and the angle irons U. 
the flanges, will be the number required to resist the horizonta 
.shearing stress at the length in question. 
Rivets. We have already ascertained the size of the rivets. The wel 

n^ust be thick enough to give a sufficient bearing area on the rivets 
To do this we may proceed by trial and error. Assume that ih 
web is, to begin with, the least practical dimension, say §'. Fine 
the shearing stress at the supports, where it is a maximum, anc 
divide the total shear by the depth, so as to find the intensity o 
shear per unit of length (generally 1 foot). In so doing w 
consider the shearing stress to be uniformly distributed over th( 
whole of the cross section at the end, which, as we know, is no' 
absolutely true ; but the error is not very great, and for the purpo® 
in view is on the safe side. That purpose is to find how manj 
rivets per foot run are required to fasten the angle irons to the web 
In practice, the usual pitch for the rivets is 4''. We may, therefore 
instead of taking the web at the minimum practicable thickness, take 
this pitch, giving us three rivets per foot run, and find the thickness 
of the web required. 

As the horizontal shearing stress at any point = the vertica 
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L.iring stR'ss, we can easily finil either tlie number of rivets per 
■ ran for a given thickness of web or the thickness of web for 
.■lien niinil)cr of rivet* per foot run. 

^iifppose tbo shearing force per foot run to be 4 tons, the web 
ihifk, and that the steel plate can stand an eiTective bearing stress 
: r Inns per square inch. The rivets will then have a diameter of 
- ■ . = J", and if n be the number of rivets per foot run — 

« X 3" X 3" >< 7 = 4 tons, 
n = 3-03, say 2 rivets per foot run. 

Hjis ivouid amply fulfil requirements of pitch {vide p. 217, Chapter 
. l':irt I.), which are that the pitch should bo at least = twice the 
iriiuter of the rivet. 

Suppose that we have the sheariny force = 4 tons per foot per 
■iirp inch, the rivets 4' apart, and an. effective bearing stress of 
!")i.i. To find the thiekiiess of the web. 
A-iume rivets |". Then there will be 3 rivets per toot. 

3x3x(x5 = 4; 



4 



" nearly. 



Ah the shearing stress is greatest at the ends of the gir<ler, any 
'liiliiioiis of rivotting which are sufficient there will more than 
■f.ii' at other parts. It is not economical to introduce much 
'Mliun in rivets and pitch, so work is usually made luiiform 
: 'iiigholllv 

! I >. Ci'i-ZTf U) Ihf angle iroiut or " wrap|>ers," if required, may be Covei* to 
iil.irly worked out from considering the direct stress in the angle '"^ '"""* 
;'■ at the place where the covers are required. This direct stress 
"I'Uiincd by equating the Mf at the place in question with mil, 
'iTc d has constant values, and m = stress on flanges + stress on 
-'If irons. We tlius find the value of proportion of stress on the 
■-li' iron. 

'I"). To find whether the web requires sUffennf, we have to con- 8tift™era 
i'T ihe thnist caused by the combined liorizontal and vertical "^ " 
' i|"ments of the shearing stress. The usual method of calculation 
I" cnnsider these components replaced by their resultants acting 
m Migle of 4.')° with the horizontal. Let* ABCD (Fiij. 68) be any 

• Ftoih Gciicral Wmy's Iiirlni'-lifm ii, CoKMlnirHou. 
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square particle in the web ; let the arrows V, V represent the 

vertical shearing stress on opposite sides 
of the particle, HH' the equal horizontal 
shearing forces. Replace these forces 
by double the number each of half the 
value, acting at the angles, as shown by 
the small arrows, and take the resultants 
of these forces along the diagonals of 
the square. The components are now 
P, P' in compression, and T, V in tension, 
and the intensity of these tensions and 
compresoicns is equal to the intensity 
of the vertical and horizontal shearing 
stresses by which they are generated, for 

if BD = total thrust due to V and H = P, and BC = total shearing stress 

BD P P V 

along the side BC = V, then jtt-, = y » whence gj. = ^, • 




Fig, 68. 



V 
V 



«"*4= 



intensity of thrust along BC and j-- = intensity of shearing stress 

along BC. 

If, therefore, the shearing stress were uniformly distributed over 
any cross section (which may for all practical purposes be assumed), 
the whole of the shearing forces pro<lucing distortion might be 
replaced by a network of forces at right angles to one another 
inclined at 45" to the axes of the beam, these forces being tensions 
and compressions, under the latter of which the web tends to buckl© 
in lines at right angles to the thrust. 

The web must, therefore, either have sufficient strength in itself 
to resist this buckling, or it must be stiffened at such intervals as 
may be found necessary. For purposes of calculation, we consider 
the web made up of a series of strips one unit wide, of a length = 
the distance between the edges of the angle irons, d x cosec 45' (sec AC, 
Fi(f. 69), and loaded with a weight = intensity of the shearing stress. 
Such a strip may then be treated as a column fixed at the ends 
(see p. 168, Chapter X., Part I.), although it must be admitted that 
this is only an approximate method of treating the subject, for 
reasons which will be explained presently. When the distance S 
between the stiffeners is less than the net distance d between the 



angle irons, the length of the column = S x cosec 45' 



Henc< 



stiifeners, to be of any theoretical use for the prevention of buckling, 
must be closer together than the distance between the angle irons 
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They would be more efficient if placed in an inclined position in the 
direction of the thrust, downwards towards the abutments. 

As a matter of f.ict, the stiffencrs are generally put in without Stitfi-ners 

, , . _„ n 1 1 T X xi • iLsually put 111 

ttlculation. Ihey are generally placed, according to the experience },y «»xixrien(H' 
d the designer, not more than 6' or 7' apart, an<l much closer to 
i €ich other near the abutments than at the centre.* Vertical 
f Itiffeners are of great use in distributing external loads through the 

Iwch Hence they are often put in where cross girders join the 
uin girders. 
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Graphic Mfflunla. 

In the above investigation we have hitherto not availed ourselves (fmphic 
of the aid derived from any graphic methods, and as considerable jjj"f;\7"//.^ ,\\*i^^ 
pnetical assistance may be obtained therefrom, we must now devote rrsistum-.-. 
attention to the subject. 

In the calculation of the Moment of IJesistance we have seen that 

UrsW = a certain number of inch-tons. If a and d are constant 

for the whole span, iis in the ca^.v of a rolled beam, this could be 

represented graphically by a re<'l. ingle of a length, on any scale, 

«|ual to the spyan, and of a height, on another scale (of inch- tons), 

representing M,. In a built-up l)eam there will be at least one 

plate and the angle irons continuous throughout, so that, multiplying 

the flange stress (r<i) on each by the effective depth //, we may get 

two rectangles, one representing the Moment of Kesistance of the 

ingle irons, and the other that of the plate. Thus if the net area 

(a) of the angle irons is 2 square inches, and the safe stress intensity 

(r) of the metal 5 tons, with a depth (d) of beam of 10", we have the 

Hr of the angle irons 160 inch-tons. If the area (a,) of the plate 

he 3*, we have in like manner, with the same depth, Mr for one 



* Fitzniaurice, p. 77. 
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Mf diagram. 



Shearing 

stress 

diagram. 



plate = 240 inch-tons. Lay off AB (Fig, 70) on any scale of inch-to 
= 160, BC to same scale 240, and AD = span on any linear sea 
If we add another plate of the same size at any part, its Mr will i 
represented by another rectangle added at the part corresponding 
its position on the span AD. 




Fig. 70. 

Thus we see that by arranging the rectangles which represent th 
Moments of Resistance of given plates we may meet any varyin] 
conditions of the Moments of Flexure. If we draw to the same scali 
of inch- tons as AB, BC, the Mf diagram AFD for the actual load 
which may be expected on the bridge, including allowance for rollinj 
loads, dynamic effect, etc., we can arrange the plates and angle iron 
so as to cover the whole Mf diagram, and we can settle exactly thi 
lengths of extra plates required. The larger the scale of moment 
the greater the accuracy. 

So also with regard to the web. We can draw the shearing stres 
diagram ACDB for the loads as in Fig, 71, and superimpose uponr 




Fig, 71. 

the safe shearing stress resistance OP represented at the cent 
(where the stress will be a minimum, probably) by the web plate 



•t practicftble thickness. The resistance jifforded by such a platti 
il lie the ordiuates in u rectangle of which the length is meaaureil 
i[ii the centre of the span. The point y where this reetangla cuts 

;. ■ i^Luiiring stress diagi'am for ttie loads will indicate the position 
:jilu the thickness of the web must be increased. If practical 
iisiHemiions of limiting length of plates necessitate a joint as at R 
r thickness is sometimes increased there rather than at P. In 
'.■.■:'r joints two covers, with combined thickness = that of the wob, 
; "im cover with thickness = web, must be used. The former 
inmgoment is preferable to the latter. 
^Vhen the load on the girder is concentrated at one or two points, 

.' I- usual to add stiffeiiers to the web at such [K)ints, for reasons 

■Midi above. 

THEORKTII'AL OBJCLTIOKH IJlSCt'.ISKI). 

I' mty he ubjccled that the roethwl ilescribeil iilxjve tor finding the niimlwr Objeotion» tu 
I mi'M required to Etiatun the angle imng to tlie w«b, sad for finding whetlier '™ theoretira 
inniert «rc roquired, is arnmeoiis. in that it noglects— treotmenl, 

I.I. TlieiliatribntiouofshearingHtrtwaai'or thccrusaBCctionuf the web; and , 

1^1. The restraining influence of the tensile components uf the vertical and 
'"'"'lutot abearint; streswia. 
't> tiganlB (1), tliu avBTAge intensity of shearing ali'ess, whicb ia liere talcun 
ilirhM<« of cdJcnlaticin, is not very nmch greater than the intenMty at the 
""i''i eilgvs of iho Bunges. The coae of a girder with wide Uniiges and a, thin 
Il w difcrent from Ihnt ot a rectangle. In tliB lattsi' uasu thii Hhaaring 
r-^ iutnunty nuar the extmnie libre would l>e considerably lens thou tlie 
'iijeinlcrisity.as the wUute uf the shearing stress int^neitieHuru in that case 
: 'i-fiitod by tho onlinatcs to a parabola pHsning through tlie exti'euie edges 
i hating its axis on tlie neutral axis and with a value — | the average 
'. IIH, Part I.|. In a girder the intensity uf the sliearing struss is found 
I vlie general expresNinn given in the Appcodii to Chapter VI., Parti., 
\Zi. The distribution eurve woidd be 9oniu«bat ua shown on Fiy. 72, 




■ turc (lie ordinate AC ru|iresuNtB the maximum stresa iiituimity, DE tbc atr 
It t4ie flange, 1> K the avtnige. Thu atroaa intcnaity at any section such * 
an be easily u deukted. Kor if ', = breadth at that section, A = areaof me 
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Example of 
i)late j^irdtM- 
'or bridg*' 
)ver r<»ad. 



iVidth. 



Ix'tween F and the outer ed^e, M = moment of that area about the neutraf 
axis, I = Moment of Inertia of the whole ftection, then the stresa intensity at 

F = whole shearing sti'ess x^,.* 

This varies but little all tlie way down the Mch, since A inci'eases baV 
slighth' compared with tlie constant hi ; hence we are justified in taking th» 
stress intensity at D as being uniformly distributed over the vreb. It will 
differ considerably at the inner and outer edges of the tlanges, but that does- 
not affect the question of finding the number of rivets required to fasten the 
web to the flanges. 

(2). The restraining influence of the tensile components of the vertical and 
horizontal shearing stresses has never been determined (as far as the writer i» '■< 
aM-are), either theoretically or empirically. No doubt it does exercise some 
resistance to the compressive acti(m just as the tension on a transversely loaded 
tie bar diminishes its deflection. No doubt, also, in ordinary cases there is » 
greater amount of metal in tlie web than is theoretically necessary. The- 
cxact amount is, however, not at present determinable. All that we can wy 
is that the error wliich arises from calculating the stiflfness of the web froiiB 
the consideration of a hmg column points to the desirability in large spaiiB* 
say over 80', of replacing this form of girder by other forms where open bars- 
are substituted for the continuous web. It is also true that no column formols^ 
is pn)perly applicable to the web of a plate girder. 

As an application of the principles which have just been con- 
sidered, we may take the following : — 

Example 8. — Ih'sign a pair of girder a to take a fF.D. road acrm(f' 
double line of existing raihvai/ on a skew of 60° (Plates III. and IV.)^ 
The roadway to he 2cide enough to allow two carts abreast, and to bearct 
mass of people on the bridge, nr the heaviest rtnul engine, having 9 tons on- 
driving wheels, 5 tons on leading ivlieels, wheel base 1 0' 8", and di^ance (^ 
ei'ntres of tyres 6' 2 ". The roadway to be borne by rolled steel rmss girdnt^ 
12" X C" with jack arches built between, and to be carried on the top flrngf 
(f the main girders. The jack arches to be 9" thick, of Stajffordshire W«^ 
brich, with 3" (f Portland cement concrete above ami 12" of raid mM, 

The main ji^irders to be considered as supported only ; the croas- 
girders, however, may fairly be considered as fixed, or at least half 
fixed, which gives the same Mff. 

As sufficient width must be given to allow two carts to pass, the 
interior width of road between {)arapets will be a minimum of 16', 
or we may^ take 17' 8" as the distance between centres of the main 
girders. This is made up of — roadway 16', projection of parapet 6% 
allowing 3" on either side, and l-i" for the parapet walls (see Fig. 74, 
p. 80). 



^;ee Appon<lix to this chapter. 



(i.). Distance apart of Cross G^irders. 

Te can approximately find the distance apart of the cross girders Croes girdew. 

issuming the whole area of the bridge to bo densely crowded 

b human beings, bringing a live load of 80 lbs. ( = 160 lbs. dead)* 

each square foot. 

^'ith the flanges of the main girder 14" wide, so as to support 

t 14" parapet wall, the clear span of the cross girders will be 

'8" -14" = 16' 6" =16-5'. 

The Moment of Inertia (I) for a 1 2" x 6" rolled joist has been 

lown to be 360 (see p. 97, Chapter V., Part I.). If we take a low 

due for r in the equation Mr = — we will probably get a resulting 

Istance apart of the girders which will satisfy any requirements of 
Md engines crossing them. This we can test subsequently. Take 
=5 tons (which gives a factor of safety of 6). Then y = half depth 

i beam = 6", and M^ = ~ = ^^^ = 300 inch-tons. 

Let a: = distance apart of the joists. Then the road metalling and 
whes (altogether 2' deep) may be taken as weighing on the average 
cwt per foot cube.f Therefore dead load on one joist 

= 1 12 X 1 X 2 X 16-5' X a: = 3714a: lbs. 

iive load at 160 lbs. 

= 160 X 16 X x = 2560x lbs. = 2-8a: tons. 

Total \V = 6274xlbs. 

T,f W/ 2-88a;xl6-5'xl2" ... , , 
Mff = -— - = -— = 46x mch-tons, 

12 12 

6*5' being the clear span, and the girder reckoned as being fixed, or 
ilf fixed. 

Mff=M„ i.e., 46a: = 300, or a; = 6-2 feet. 

If the joists, therefore, are 6' apart, this distance will satisfy the 

i]airements of the uniform load. 

This may not, however, be sufficient for the rolling loud. Thi& 

' Such a weight as this is in excess of that usually calculated for. A crowd 
h as this might possibly occur in the neighbourhood of a large town. 

The void below the soffit of the arch, which is not taken into account, 
1 be compensated for by the extra weight of the joists theuiselves 
iroximateiy. 
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will be in its most disadvantageous position when the traction 
engine is close to one parapet, and when the heaviest pair of wheels 
are directly over a cross girder. 

It is true that the effect of the roadway will be to distribute the 
weight to an uncertain extent, through at least at an angle of 45'* 
on each side (Fig, 73), and the result of such distribution will be to 
reduce slightly the values of the Mf under the wheels. If, however, 
we consider the weights as concentrated, we shall be on the safe 
side, and free from the uncertainty of the exact amount of dis- 
tribution. It is also true that the increased deflection on one girder 
>vill tend to reduce the Mq- at thit side (see Case 6, Chapter I., 
p. 14). It will be on the safe side, however, if we calculate the 
beam for the eccentric position of the load. 




^"7 

I « 



>-^*. 



Fig, 73. 

It may be considered that the engine would not usually be driven- 

closer to the wall than 
the position shown in 
Fig. 74, where the 
centre of the left wheel 
is 3' from the edge of i 
the road. This woukl 
bring the axle close to; 
the coping of the para- 
pet. 

Draw the stress dia- 
gram for the left wheel 
(Fig. 75), then for thf J 
right wheel (Fig. 76), and combining them (Fig. 77), we see thai 




Fig. 74. 



Pascal, Traitc des PoiiU Metcdliques, 



le Mf tor the combined load nt the left point of fixing will be 310 
ich-tons. (The effect of partial distribution may be to reduce this). 
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In addition to this, there is the Mff for the dead load (which, as we; 
have seen above, is 3714x lbs.). Hence the total Mff 



= 210 + ^^^lf'l^^'^^^ = 210 + 27-53: inch-tons. 
2240 X 12 



This must not be greater than 300, which, as noted above, is the] 
value of Mr with a factor of safety of 6. 

27-5x = 300-210, 



whence 



a; = 3*3 nearly. 



With a factor of safety of 5, the cross girders might be upwards 
5 feet apart. If we make the distance 4' we shall have a factor 
safety of 5*3, which is good enough in practice. Make, therefoi 
4' apart. 

Main Girders, 

Main girders. The effect of the skew is to reduce the weights coming on 
ends of the main girders. Were it not for the skew, the wb 
weight transferred from the cross girders to the main ones mi^t 
have been regarded as uniformly distributed, and one might do 
even in the case of the skew, without appreciable error. For 
sake of practice, however, we may adhere to the more ace 
method. If w be the weight transferred from each of the c; 
girders to the main girders, the distribution will be somewhat 
shown on Fig. 78. This represents the distribution in the up; 
main girder, as shown on the plan of the bridge (Plate IV.), 
The diagram of moments for the dead load 

(where m; = (|3714 x 4) -2240 = 3-3 tons) 



is as shown in Fig, 78. i 

The method of obtaining this by taking moments round the 
abutment is shown on the right side of the figure. (Compare Fig. 
p. 72, Part I.). 



As regards the weight of the main girderB 
nwin's formula ia 

cs~lr 

where W, = required weight. 
W = total uniform load. 

r = ratio of span to depth, i.e., 12. 
c = a constant (in this case 1,400). 
s = working stress, say 6 tons per square inch. 



i, Professor Weight of 
giriiers 
approximate!; 
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Fig. 78. 



, the total uniform load, when the bridge iB crowded with a mass 
people, and including the weight of parapets is 

18 X 40 X 80 x2-f 2240 = 52 tons = 26 tons 
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on each, and the dead weight of metalling, arches, etc., o 
= 3-3* X 10 = 33 tons. Hence W = 26 + 33 = 58 tons on each 



W, = 58x40x12 ^ 3.52 
^ (1400x6) -(40x12) 



The weight of this may be taken as distributed. 

W at each point of junction of main and cross girders 1 

26 3*52 
taken at 3*3 (as already found) + 77: + -^7^ =6*25 tons. 

The ordinates of the curve of the combined load will be c 
proportional to those of the curve of moments of the dead 1 
the ratio of 6*25 to 3*3, and can easily be read off a slid 
They have been drawn on the figure so as to represent a cur^ 
a comparatively great vertical scale. These are drawn on J" 
The Mff=3700 inch-tons. 
^fl.f»^n» This may, however, be less than the Mff produced by the 

load. From the previous chapter. Case 3, we see that if Wj j 
bo the weights on each pair of wheels, i.e., 5 tons and 9 tons 
tively, and a = distance apart of axles =10' 8", the position 
from the centre of the span will be 



^Vi^ _ 5xl0-66 _ ^g. 



and ^ J> , = ^-i^^ = 342 feet. 

2(Wj + W2) 2x14 



Hence, measured from one support — 

u:i = 20 4-l-9 = 21-9, 

^• = 20 -3-42 = 16-58 feet 



3714 X 4 
* Dead load on one joist = — ^- — -6*6 tons. Hence 3*3 tons is bn 

each side. 
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For one-balf of the beam 



becomes 

16-58 



Mff=?{(W + W2)(Z-:r)-Woa] 



{(14 X 23-42) - (9 X 10-66)} = 96-3 foot-tons, 



40 
ttd for the other half of the beam 



• 



M,= ^ {(W + W„) (/-/,)}- ^ (/ - X,) 

\ 40 *^ "40 

= 115 foot-tons = 1,380 inch-tons. 

This acts at a distance = 21*9 feet from one support. As the load 
^ay pass either way, this will be the Mff to be provided for on the 
IMn girders. Half of this bending moment would be brought on 
••ch girder if the load were gradually applied, and if the engine 
Were in the centre of the road. But as the load will not necessarily 
be in the centre, and as the passage of the engine will be accompanied 
by impact and vibration, the total Mff, 1,380 inch-tons, may be taken 
for each girder. The moments produced must be added to those of 
the dead load to find the moments on the bridge when the engine is 
crossing. 

The diagram of combined moments is shown in dotted lines on 
ftg, 78. From it we see that the moments are just a little less than 
ttiose calculated for a mass of people. Hence the latter must be 
^ken. Yet if the traction engine had been a little heavier, its 
^oinent« might have governed the actual design. 
We have now to consider the Moments of Resistance. 
It is proposed to build up the girder flanges of ^" steel plates, piatea 
14" wide, the width 14" being taken as the width of the brick wall rtX^.'^ "' 
^ve, connected to the web by 3" x 3" x J" angle irons. 

The rivets will be of mild steel J " diameter. 

The depth of the girder will be yV span = 3' 4". 

To find the M, of the angle irons, the net area of one section is 

(3" -H 2i" - 2 X f ) X i" = 2 square inches. 
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Hence for two angle irons, with a depth of girder of 40", and a 
tensile resistance of 6 tons per square inch, rod becomes 

2 X 6 X 2 X 40 = 960 inch-tons. 

The Mr of one steel plate 14" x ^'', with two rivet holes (any < 
rivets being arranged to break joint) 

= J (14 - 2 X f) X 6 X 40 = 1,500 inch-tons. 

Laying off rectangles with ordinates = 960 and 1,500 respect 
on the same scale of moments as before (Fig. 78), we see that 
plates will be required for a distance of 12' on either side oi 
centre. 

Joints in Plates, 

^^^^^ Plates of 40' long and 14" wide are within market limits. 

from Table TIL, the maximum weight allowed for a J" pla 

' 26 cwt. The weight per square foot of a J" plate is 20 4 lbs. H 

112 X 26 
the maximum length admissible is ——^ — -— =118 feet. 

° 20-4 X 1-2 

For the sake of illustration, however, we may assume that t 
is a joint in the longer plate at the centre (see Fig, 3, Plate IV.] 

The Mff there is 3700 inch-tons (Fig. 78). The areas of the a 
irons and 2 plates are 4, 12 '5, 12*5. Hence the total flange str< 

will he(-j\ue.j -j^ = 92*5 tons, and the proportions on angle i 

4 12*5 12*5 

and plates will be -- -^ and -^ — of that amount. Hence 

^ 29 29 29 

12*5 
flange stress on one plate will be -^ x 92*5 = 40 tons. 

This stress must be transmitted from one side of the plate to the 
by cover plates with f " rivets. Let x = number of rivets. Ther 
resistance to shearing (see Table XXVIIL, Chapter X., Fart L), 
rivet will stand 2*208 tons. Hence the number of rivets reqi 

will be -4L = 18-12. 
2-208 

For bearing, using a V cover plate, and the safe intensit 

resistance being 6 tons — 

xx'5x -75x6 = 40. a:=17-8. 

Hence 19 rivets will be needed on each side of the joint if si 
covers are used. 
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Make 4 rows on each side of 5 ru-eta each (Fi(/. 4, Piute IV.). 

The angle irons are sufliciently short to be lodependeut of covers. 
f, however, they are required, they can be calculated on the Bame 
iies as the abo\'c. 

Sheiirintj Strrssr-i. 

For the rolling load the greatest shearing stress will be near an Sh«»riiis I 
butment when the engine has come on to the bridge, the heavier **""" 
'heels being just clear of the abutment, and= 12'fi tons, or 6-3 on 
icfa girder, if the engine is fairly in the middle of the road. The 
■■ni diagram is as Fi'j. 79. 



Diagratn. ofpoaitu^ 
ahsca-mg siresaas 




H 



70. 



I shearing stresses produced by the dead Imid on each girder 

:al weight on it = — ^-IS-Stone. Therefore the maxi- 

mma shearing atresa due to rolling and dead load 

= 18'5 + 6-3 = 24-8 tons. 

The shearing sti-ess due to the uniform live load + dead load 

= i (58 + 3-52) = 31 tons, 

■Fbcb, being the greater, must he taken. 

1 the thickueas of the web at the abutments he i", and the 
I of the riveta he {as is usual in practice) 4". Then there will 
t riTete per foot run, and as the depth of the girder is 3' 4", 
B will be 10 rivets to stand a shear of 31 tons in double shear, 
Bvaletit to 15'5 tons in single shear, or 1'55 per rivet. From 
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found from the general formula v = ^^^ , the symbols in wliich will 
have the following values : — 

n = 0026, 

W = 3714x4=1 4,856 lbs. = 664 tons, 
/ =16-5x12 = 198 inches, 
E = 13400 tons and I = 360. 

Hence V = -02 7 1 6 inches. 

»Iain girdere. In the main girders we may either use the same formula, in which 
case the values of I would need to be calculated, or we may use the 

formula V = -=, - , where the value of I is not required, but from 

which we can ascertain the deflection, which would be produced when 

the stress intensity is at the maximum for which the girder is designed, 

i.e., when the value of r in the expression rod is = 6 tons per square inch. 

The girder has been designed so that this value shall nowhere be 

exceeded by any conditions of loading which are likely to come upon 

it. The formula is expressed in a simple form on p. 131, Part I., 

viz. : — 

3/72 



V = 



dE ' 



where d and / represent the depth and length in feet, for a girder 
(such as this is) of uniform strength and depth. Taking the value 
of E at 13000 (slightly less than that above on account of the 
defects of workmanship) — 

.J 3x6x1600 ^^- . , 
V = ^rn — TTTTTT^TT = 0*^7 luches, 
3-3 X 13000 

or about -y^ of the span. 

This is rather more deflection than is generally allowed for girders, 
though less than the proof load given by Professor Rankine (see 
p. 134, Part I.). The deflection in this case, however, has been 
calculated on the basis of a suj)ported beam, while in reality the girder 
is partially fixed, and the deflection would be considerably less than 
0*67 inches. 

The design would then be as shown on Plates III. and IV. 
The cost of such a bridge in the south of England would be about 
£1,100, including all masonry and earth filling, etc. The head room 
to rail level at the bottom of the girder would need to be at least 
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ThU consideration in many cases hus led to the cross beania 
acetl on the lower flange, thus saving a height in wing walls. 
Its find hank equul to the depth of the girder. The cross 
ire then riveltcd to the web at the ends hy angle irons, 
or iither lateral bracing is, in English practice, not con- 
nocessary, with such short spans, although in France it is 
. even short«r spans. 

wing walla «i-e designed by methods usiiii! in English rail- 
No description of this nood be given, as the drawing 
1 the procedure. 

Ffirw'i-'i Fwms of Bridge FUnns. 
e foregoing example the roadway is supported on rolled liri. !>,■■' \ 
■nd biick arches. This method of construction, though not _ 
ninioii, is |}erhaps less usual nowadays than some form of steel 
ring. In railway bridges for double lines the usual type irf 
ge, up to 40' span, is -t main girders, the central one of which 
~ jtionately stronger than the other two, with trough floors, 
n in Fiij. 81. A saving is effected by using 3 main girders 
id)le lines, as the width of tbo roadway necessitates a 
Jl point of support for the floor, of whatever nature it may be. 
I ebows the method of fastening the trough girders used for 
ring to the longitudinals. 




!^" 



Kidvantagefi of trough floors are, that they do away with hU Tr-ingli 
'rders, rwl bearers, etc., are easily erected, occupy little room, «"''"*■ 
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In some English railways buckle plates of iron or steel are rivetted 
to cross or longitudinal girders, forming a continuous metal floor, on 
which the ballast, sleepers, etc., are laid. Other forms of flooring 
are Hobson's Patent, shown in Fig, 84, and corrugated plates, as 
used in the Indian State Railways ; the latter, however, are not 
intended to take much weight. 




*3r^«' 



Ji € 



-^•. 



Fig. 84. 



Fig. 85 shows another form of trough something like Lindsay's 
Patent, which is often used. 








jW-J *-.-V*« 




ua- 



-Cl. 



■XT- 




-.J 0- 



Fig. 85. 

Stamped plates of steel may also be used with economy between stami^d 
rolled beams or troughs. As regards the weights they can carry, l"*'*^- 
the following are the results of some experiments : — In France a 
stamped plate 5*8' long, 4*9' broad, 0-31" thick, camber 2 J", was 
fixed at the cmls, covered with 5*8" of sand, and then loaded. The 
deflection under 6,000 kilogrammes (5-9 tons) was 0-15", and when 
the load was removed the plate resumed its original form (Pascal, 
PonU MetaUiques). 



[XoTE. — Fign. 81, 82, 83 are copied, by the kind permission of Mcssi-a. 
I>omuui, Long & Co., from their catalogue.] 
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APPE^T)IX. 



The general expression for the value of the intensity at any point in tbe 
cross section of a beam of any form is 



.•=i4/>wv. 



where (( = intensity of shearing stress on any plane. 
S = total shearing stress on the section. 

I = Moment of Inertia of the cross section about its neutral axis. 
h' = breadth of the section where the shearing stress = 9'. 
y'= distance of the plane where the shearing stress is q' from tbe 

neutral axis. 
yi = distance of extreme fibre on that side of the neutral axis frpi 

that axis. 
b = breadth of section at distance y from the neutral axis. 

Now / ] yhdy is the statical moment of the area outside the plane when tbe 

shearing stress intensity is q^ about the neutral axis. Call this moment^ 

Then 9' = ^ . 

But in the web h' is constant, and I and S for the whole cross section befeig^ 
constant, we see that q' varies as M. The increments of area of the cntf 
section are so slight for planes taken in succession from the neutral axiste 
the ends of the web that we may consider g' to be practically constant. 



CHAPTER IV. 



Trussed and Strutted Beams. 

*esign of Simple Braced Structures. — Deformation and Redundant 
Ts. — Triangular Trussed Beam. — Trussed Beam with two Struts. — 
Feet of Bracing and Counter-Bracing. — Strutted Beams. — Deflection in 
aced Structures. — General Remarks on Trussed Beams. — Appendix. 

the consideration of the built-up girders under review in the Trusskp 
ling chapter we might go on at once to the investigation of ^^^s. 
38 in those built-up girders where the web, instead of being a 
plate, is a scries of bars meeting the flanges at some angle. 
3 doing so, it will be desirable to consider some principles of 
esign of braced or framed structures, and the application of 
principles to the simplest cases of trussed beams. 

^e take a simple triangle, such as ABC (Fig, 86), formed of Simplest caeei 
s fastened to one another at their ends, we see that, however gtruSuiw 
oaded, it cannot undergo any change of form, without altering 
3ngth of the sides, or by giving way at the joints. With a 
ilateral figure, however, this is not the case, for we see in 
7 that the sides AB, BC, CD can move into a position such as 
D shown in dotted lines, without altering the lengths of the 




ir 




Fig, 87. 



Such deformation would be impossible if the quadrilateral is 
led into two triangles by the introduction of a diagonal such as 



BD. Thj' other <liaf?)iial might bt aildec), Imt it wotild be 
called It - I'o'liindant tnonibor," and would be uiiricccHay 
ordinary c inn instances, thoitgh in cpnain cases in bridge 
tion thesi.' ri-diiiuliiiit muinburs iire diMijiiied to jicrfurm tbe 
function (..f luunter- bracing, n siibjoct which will be Uervtjitr ii 
gated. If. however, counter bracing is not roqiiirod, or ii 
sufficiently ajijilied, the ruduiidatit niumlxir!! arc a wnstu of 
add to thi! ivoigh ' ' ' ' are in eome cases a hini^ 

to the duty of the, In the case of a qi 

we can sei.', if wc urun » -iUn, that one dia^nal 

necessary. I.ct the fr te loaded at Lhe left h 

corner with :i weigh stress diuginin is as «bov4 

Fig. 89. In this case F are rodiiiubut. If, \\ 

CD had been umittoc yffm would nut i:lo=*. 




frame had l.een :is shown in Fi'j. 90, the stress would I* as shown ' 
below, cvi'ry member would he doing a certain part of the work, «iiJ 
there would be no need for another diagonal. 

The brnpiid piinciple in the case of any truss is to divide It int* a 
scries of tri:Lngies which should be as few as possible, conaisUiili 
with praetical requirements of tension and compressioD menbCM 
and certain other considerations. 

If the truss is properly braced the following formula will li 
good. I*t 8 = number of bars of the truss, A = number of apt* 
(where two or more bars meet), then S = 3A - 3. 

If this does not hold good tlie truss is either insufficiently or (fe- j 



II h*^ 
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bmtly braced. Take the beam shown in Fig. 91. The sides 

;he apices are 6. S = 8, but 

= 9, hence there is one 

nting. If such is applied 

wu by the dotted line, the 

will be properly trussed. 

> diagonals are given, S 

10, and there will be a 

[ant bar. 

this truss, however, the 

aM are sometimes wholly 

1, where the load is uni- 

The tendency to change 
•m is prevented by extra 
b in the short struts a, a, 
mes also both diagonals 
van in cases where the 
lay be moving across the 

and counter-bracing is 

)le. 
equation S = 2 A - 3 does 

dicate the best system of Fig. 90. 

ig, nor does it show the 

3t number of triangles that may be used. All that it does is 

wr in any given case whether the requirements of trussing are 

d. 





Fig. 91. 

Trussed Beams in Detail. 

I simplest form of trussed beam is that shown in Fig. 92. Triangular 

> compression members, i.e., the horizontal beam and vertical ^ *"' 

ire usually of wood (sometimes the latter is of cast iron), and 

iclined bars are of wrought iron or steel. It will be evident 

his beam, when loaded either uniformly or with a single weight 

y part other than the central joint, is under combined stress, 

transverse and compressive. 

the beam is continuous over two spans, we see, from the 

II 
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principles laid down in Chapter I., that the central load, at the p( 
C = I W, where W = the total distributed load. If w? be the load 

unit of length, then the bending moment at C = — — .^, which f« 
Transverse rectangular section =—— . Kencer = ^^~-~, r being the st 

stress. 6 bar 

intensity at the extreme fibre produced by the uniformly distribi 
transverse load. 

^^ 2^...^ 



Direct stress. Now the direct compression in the beam may readily be ascertai 
by the method of sections described in Chapter XIL, P« 
Drawing a section as in Fig, 92, through AC, CD, BD, and tal 
moments round D, we have stress in AC x CD = net reactioi 
B X BC, or calling stress in AC = P and CD = h. 

PA = ^VW ^j^~, since W = «/, 
hence /, the stress intensity due to compression, only — 

bd ^hdh' 
S'f*™., . Hence 

intensity m 

main beam. r4-r'+- » ^^ 4- « ^^^-. i ^^^ (^h4.^d\ i\ 

This must not be greater than the material can stand. 



• Mff=— where W'= ^ and /' = i. 
*^ 8 2 2 



Hence Mjj=r=x . 



32 



t It is true that r and r' are different stress intensities. The former i 
Modulus of Rupture, which is not the same as the unit resistance per 8i 
inch to direct crushing r'. In Part I., Chapter IX., p. 178, the com 
stress is considered witn reference to the direct crushing only. 



\ 



\ 



\ 



Ogle of inclination. But the net reaction is ^ wl, being ^ the " 
ifBijthl -^ minus the ^ 7vl borne at the end of the beam, and 



2h ~ 



Hence tension 



JP + ik^ (ii.)- 



9. — Dmifti Iteo trussed heaims to carry a road bridge lurosK Example <rf 
I <^ 16 /mI, the roadway to he of 3' planks laid close togetlier, and '^™*™ ' 
ilk to be 10'. The Hmher to be spruce (A. cxcelsa). 
I weight oil an ordinary road bridge being a. maximum of 
.*per square foot, and the width of the roadway being 10', 
id coming on each beam will be 5 x 16x 80 = 6,400 lbs. The Munlieaink 
I of the roadway on each beam will be 16 x 5 x 3' x 30 lbs. 
It of spiTice per foot cube) = 600 lbs. Total weight 7,000 lbs. 
feet or 36-5 lbs. per lineal inch = uj. Then i= 12-2", and the 
Msive strength of spruce being on the average 6,400 lbs., with 
r of safety of 5 we get i^ = 800. 

iming a length of strut = i' 2" or 50 inches, wo have from 
ibstdtuting values — 

,. ,38-5x192x192 



(6 X 50 + 5d). 

this gives us a value of 6 = S'58. Make 8" x 5 J". 

*7i-M(.s. 
value of P = fW = I X 6,400 - 4,000. Ratio of l:d is Stnii^- 
PT 12-5:1. .•.P = ir„A,t or 4,000 = 400xA. Hence A = 10 
'x4'. 

Tension Mods. 
ituting values in (ii.) we have tension Tenaion 

- A ^t ^^'^SQ '^^ Jidi-'+i X 50^= 4,720 lbs. 
,1 iron will easily stand 5 tonB = ll,300 lbs. per square inch. 



i Funiiuln (4), p. 16(1, Part I. 



48(5811 
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Hence a f bar will stand '75 x -7854 x 11,200 = 6,600 lbs., and will 
be sufficient. 

The bridge would then be as in Fig, 93. A thin iron {da^j 
say \" thick, will be required at the end of the strut, so as (»j 
distribute the pressure. The tie bars may be secured to the beaoi 
by links and 1 J" bolts. The shearing stress at the ends AA will 
be —*^ = 3,200 lbs., and the net area to resist shearing will be 
(8 - li) X 5| = 37*25 inches. Taking the safe resistance to sheariflgj 
across the grain at 500 lbs., this gives 18,625 lbs., which is ample 




Weight the 
bridge could 
carry. 



This bridge would be strong enough to stand a rolling load 
approximately of one-half the distributed load. The latter being; 
altogether 6,400 lbs., the rolling load would be 3,200 lbs. on eac 
beam. This is not equal to a traction engine, but is more than fidd 
artillery or ordinary carts. To calculate such a bridge for a tracUon 
engine, one would need to compare the Mf and shearing stress 
diagrams produced l>y such an engine in its passage with the similar 
diagrams for the distributed load. If the former gave large resulte 
the unit for the uniform load could then be increased, and the tru» 
re-calculated on the basis of the increased load. It would also be 
necessary to consider the effect produced by the engine in certain 
positions on the span, and to calculate by stress diagrams, or by the 
method of sections, the stress on each member of the truss. 



Tmsseil Becim with Two Struts, 

Tmaaed beam Although a trussed beam with two struts, and no diagonals, is not 
form*^^^^^^^ a perfectly braced structure, as we have seen above, it is frequently 
so constructed, and its stresses therefore demand investigation. The 
beam of the truss serves (1) to resist the direct compression produced 
l)y the pull of the tie rods ; (2), it resists transverse bending ; and (3) 
it serves to distribute the load over the whole truss. 



t it be asBumed that the loail is Riij)porteil l>y atruts ^/ from each Siugle l.iad. 
twl. A load W rolling across the Learn produces a diatortioii as 
howii in Fig. 94. 




Fiff. 94. 



1*1 A = height of tniss, h ami d, as usual, the breadth and depth 
nf thp beam. 

h ihen W be over any one support the reaction will be found in R«Mtioii- 
:l\ the sArae way ss for any aupjiorted beam, whether tnisaed 
il. Hence 

\ fijirt of W is carried by the strut directly below it, the remainder 
niji|iorted by AB, and is brought to bear at D. 

Since the distortion is small, and the tie bars AC and BD' ara 
prii'ticjilly of the aatno inclination, their horizontal components are 
; I il, being equal to the stress in CD'. Hence their rertioal com- 
.'Tiu must also be o(|Ual. 

i'lji the vertical components in these tie rods are efpial to the 
■ i-.d compressiTC stresses in the struts CC and DD'. Hence 
< (impressions tn these struts are ei]ual, 

I . ijhi the symmetry of the trussing, if the point D drops a certain 

■uiit the point C will rise the same amount. But the force which 

:'sCto rise is the thrust in CC, and the force which causes D to 

Ifl the diflereoce between the loml W acting at D and the com- 

;■ --luu in the bar DD', the latter tending to prevent deflection, 

Hence the remaining portion of the load \V, after the upward thrust 

af DD* is deducted, is equal to the thrust on CC, or the thrust on 

bJy. Thut is, V/ is divided into two (approximately) etjual partes, 

«M huU carried by the strut, the other resisted by the transverse 

MnBset in the beam.* 



* Tkit proof. M well fu aonie othera in tbiB uliapCer, is taken from Frofeuor 
Aoton'a Moitrm Franird Slriictareji. Aiiotber pitxjf, by Major H- U. 
nw, ILK., u.gtven in the Appendix to thin cbapter. 



Compresaion 
in main beam. 



Tension in tie 
bars. 
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Hence compression in AB = tension in CD' 

2 2 3h 6/i 

Tension in inclined bars = vertical thrust in CC or DD' x cosec ^ 



.(iiL). 



Transverse 
stress in main 
beam. 



Since the central point of the beam F is the point of contra-flexur^ 
there is no bending moment there, and it may be taken as a fre» 
supported end. The shear at that point, taken with reference U^ 
the right support, is §W -- W = JW, which is the same as the shm 
referred to in the left support. Hence Mf at C or D i 

= ^Wxi; = ^^ (T.). 

As this, in a rectangular beam, must be 



Case of uni- 
formly dis- 
tributed 
weight. 



we get 



Wl 



3bd^ 



(vi). 



And as the intensity of the direct stress in AB from (iii.) is 

Wl 



^'^ Qhbd ' 



'^'^-m^''^'^ 



(vii.), 



which gives the maximum compressive stress per square 
inch in the beam, under a load W. 

If either of the beams shown in Figs, 92 and 94 are inverted, a» 
in Figs. 95 or 96, of course the same formulae hold good, only the 
tensions become compressions, and vice versd. 

If the weight is uniformly distributed, over a beam with two^ 
struts, ^tvl comes over each intermediate support, and the bending 
moment at that support 



wP ^ rhd^ 



90' 



♦ _ 



Transverse 
stress on main 
beam. 



hence 



r = 



_ 1 



6 ' 



^^ bcP ■ 
* See Table II., p. 33. 
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The direct stroBs = net reaction x cot 



Uwl l^^w^ 
30 ^3A 90A 



Direct 
oompressioD 
en main beam. 



Hence 



90/1 xW 



r + r'^^ 



wl^ 



dOhbd^ 



(Ud + Qh) (viiL). 



This gives the maximum compressive stress per 
square inch in the beam under a uniformly distributed 
load vd. 




Fig, 95. 




Fig, 96. 



The tension on the tie bars = net reaction x cosec S^lhwl cosec 6 Tension in 



¥TF 



tie barK. 



Uwl 
90A 



Jl^ + 9h'^ (ix.). 



SAMPLE 10. — Design a pair of trussed beams, vnth two stmts, to Example of 
^ a cari road 10' wide over a span of 30'. Timber, red fir, wUh^ilT*' 

The weight of the roadway being taken, as in Example 9, at struts. 
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36*5 lbs. per lineal inch, we have for the main beam, if we take a 
length to each strut of 4' 2" from (viii.) 

* 

"•^^ /ii^_i.AM 36-5x3602 /ii^^«nn\ 

Main beam. Take r = ^P^ = 1,200, and take d = 8". This givQs a value to h 
of 4-22. Make 8" x 4^". If 2" bolts are used, the safe resistance 
to shearing of the timber at the ends will be 6" x 4*5x500 

= 13,500 lbs. The stress will be ^^•^^360 ^ g^^y^^ ^^ ^j^^^ ^j^^^ 

It 
beam is quite safe against failure by shearing. 
Tie bars. Tension cm tie bars from (ix.) 

Uwl rnr-^» 11x36-5x360 ________ 

-90h^'^^^'= 90x50 ^ x/3602 + 9x2,500 

= 12,5001b8. = 5-85 tons. 

As wrought iron will stand a safe pull of 5 tons per square inch, if 
d = diameter, '^ - x 5 = 5-85, whence d=l'22, say l\". 
Greatest To find the gi'eotesi weight that the beam can bear from (vii.) — 

single weight 

beam can bear. I 

becon>es 1.200 = ^-^l|^(100 + 8). 

whence W = 2,518 lbs. on each beam. 

This is more than the weight on one wheel of a loaded cart in 
ordinary traffic. 
Struts. The stress on the stints will in each case respectively be either 

W 
^ w?/ = 4,830 lbs. or -^ = ^-^ =1,259 lbs. Taking the former, we 

have 4,830 lbs. ( = P) as the stress coming on 6" x «, t.«., assuming 
that the least dimension of the strut is 6". As the net length of the 

strut is 50-5", ^ = 8-33. Hence from Formula (3), p. 160, Part I. 

h 

P = 1 7-0 A, or 4,830 = ^ x 1,000 x 6 x sc, whence x might = 1 inch. 1 

we make the strut 4" x 4" it will be strong enough. Fig, 97 show 

the trussed beam. 

\ 

\ 
\ 
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|»e observed tliiit in these exanijiles tlic lioaras are reckonecJ ^ 
urns, just as the rafters in roots {Chapters XI. and XII., ^ 
re BO reckoned. This is strictly accui'ato only when the 
re all on one level; the effect of changes of temperatnre 
to alter the stresses to a certain extent. The formulfe, 
troiild bo as nearly accurate as is jiossiblo to obtain, and 
de allowed by the fnctors nf safety would cover minor 



^^'iolt 



m 




Fig. SIT. 



noteworthy that the greater the length given to the ^ 
II be the strCKs on the horizontals and tie bars, ni 
is decidedly economical, where circumstances admit, to ■' 
derable length to the stmts. This is practically the same 
that tho greater the ilepth given to a truss, the less will 

on the members. 

the beam is trussed by cross bars, as in Fiff. 9S, the T 
ion is simple. Each joint of the tnibsmay be invei^tigateil ^ 
direct stressee are concerned) by a stress diagram, or by 
■tical value of the stresses, as shown in Fig. OS for a 
Fiy. 9!) shows tho stress digram for such a case. 
|;ive the direct stresses on each member of the truss, and 
ined bending and direct stress on the upper horizontal 
bo easily worked out on principles previously investigated 
tlified. All the other stresses are direct only. 
be noticed that in Fig. 08, if there is one bar as EF, it is A 
when the load is above DE. If the load roll as far as ^ 
ill now become a strut. In the design, therefore, we have 
atives — (a), we may either make the bar EF of such a 
will resist either tension or compression, taking care t^) 
letal a sectional area based upon the consideration of the 
[ streaH, and the consequent fatigue pi'oduced ; or {!•) we 
ft second diagonal b,ir as shown in doited linos, which. 



although inoperative while the load is at DE, will come into tension 
when the loaH ia at FG, and will reheve EF of all stress when the 




The second alternative -able, for not only is it possible 

ise light tension rods for both 

[Oiifkls, but the permissible unit 

strees on these diaj;ona]s will W 

at least twice as great as the 

permissiblo unit stress on a aiogle 

biir, subject to revereal of Btress. 

^ ^~^^^ The iirintiple of putting a secood 

^^^^^ y^,.^-''^'^ rcdiindant bar will be, in a sub- 

tJ g seijiictit chapter, alluded to under 

^';/- ^^- the leading of "Counter-bracing." 

It ia well, however, to understa/id 

the principle thoroughly here as applied to a simple casa 

In the above investigation we have assumed that the wbola 
structure is jointed. This is not Btnctly accurate, because the beam 
is continuous. It ia the same general principle as adopted in thu 
investigation of roofs (see Chapters XI. and XIL, Part I,), 
The M(r, due to a load rolling across, will be ^^— (I 



because tlie 



central third may be regarded as a fixeil beam of length = - , and w 



know that the M^^ 



1 beam of length L and weight W, 



„ WIN 

; r 



and will occur at the junction of the struts and beam, and in the ' 
centre of the spans. 

StmtUd Bmm$. 

These are the converse of trussed beams, the stresses produced 
and tlio investigation of those stresses being analogous. The bean* 




Fig. 101. 

B triangular form in Fiy. 95 or in Fi(j. 100 has a thrust down TrisnouW 
nclined Btnit of fV ^ coaec ff, W = u/i being the total distributed '"""■ 
(L OD the epan I. There is, therefore, at the foot of this strut a 
Wital tbruKt oi Ys W cot 6, and un equul thrust along the 
mtal beam itself. This thnist is combined with the transverse 
ftproduced in the beam iUelf, which produces, aa we have seen 
i maximum stress intensity of -^gWl-i-lxP. Hence, as in 

ii(i.),r + r =^1^(6/1 + 1)^), and the thrust on the struts 



n tha beam is supported bj' inch'ned struts below, as in Fig. 
le cleats or blocks at the foot of the struts must he designed 
t vertical shearing stress of ,'V W. 



Vknoiu fornia With the' trapeaoklBl form of strutted lieam we may eiUier (a 
JSiiuS"'^' have the form shown in Fig. 101 ; or (/-). that in Fi^. 102. 




Ill the former case there are 1 nsverKe joists c, c" trKosferring thi 
weight to the frame beloiv, AB is simply a beam continuous ovei 
three spans. Ab regards the struts and straining piece, they are all 
under direct stress only The stresses arc as written on tht 
members. 

There is no object in having horizontal bars AC, D'B. 

The second case (Fiy. 102) may be considered to be a beam con- 
tinuous over two sjians, where the central support (CD) is very wide, 
and the central pier consists of two inclined struts, EC and DF, and 
a straining beam CD. The reaction at the central pier is approxi- 
mately ^wt, where «■ = weight |>er unit, and i=length of the beam. 
Hence CD is under combined stress, viz., the transverse stress of the 
weight § wt, and the direct stress J wl cot 0. As CD, regarded as a 
beam under transverse stress, maj- be reasonably considered as 6zeA 
at the ends, its Mj will be -^.j Wl' (W being the total distributed load 
= ^ wl and /' its total length, CD = J /) = 
,wl^ 



sV w"^*- 



s the M. 



As )■', or the intensity of direct compression 



^90% <'■ + '« :-W- 
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n • J. A W?Z /i Inclinwl 

Compression on struts = -5- cosec d struts. 

"^JP + ^fi- (xi.). 

The main horizontal beam AB is under transverse stress only, Main 

«ch of its outer segments AC, DB being in the condition of a beam b^am. "^^ 

supported at one end and fixed at the other, in which, when uniformly 

W/^ wl 
loaded, the M^ may be proved (Case 7, Chapter I.) to be - . = ^ ., , 

«nda8M, = |rM2, 

'=m3^ <'^"->- 

Sometimes diagonal pieces are given, as shown in dotted lines AG Diagonal 
and BH, Fuj. 102. The only object of these is to reduce the length ^'^^' 
of the struts EC, DF, and prevent buckling in the plane of the 
biidge. 

If a tie rod be given as shown by the dotted line EF, its tension 
will be equal to the thrust on the abutments = ^ wl cot 6, 

Example 11. — Design a pair of strutted beams, as m Fig. 102, to Example of 
tafe a cart road 10' wide, ever a sjmn of 30'. Timber, red fir. The ***^""^*^ ^*""' 
*trvtito rise from a point 8' below the horizontal beam. 

The value of w is taken as in former examples at 36*5 lbs. per 
lineal inch, I = 360 and /* = 96 inches. 

The maximum compression in the main beam AB is found from Main beam. 

(lii.)- 

*" 12W"-! ' 
1.200 = ?5l2i3f . 

from which kl^ = ^2S. 

Make 5x8]". 

In the straining beam CD, from (x. )— wl"'"*'' 

|n»aldng d=S\b^7r. 

Make 8" x 8". 



In the sfnils CE and DF, the length is about 128', The loMt 
limengiori may be taken at 8", so as to frame with CD. 
The stress on the stmt Ja, from (xi.)~-~ 



PnifesBor 

Johimon's 
"puUovtr 



■ + 9x96-- = 70I2. 

ifi:i, 

n2 = 600xA, 

Buy be made 8' x S*. 



1 



whence, substituting values 



,'. Ashless than 
For practical n. 



The Hnrroo Bridge {Piiur. y.„ bailt by General Sir A. Taylor, 
G.C.B., E.E., is an instance of this form of stnictiire applied on a 
somewhat l.irize stjlc. The b|i!iiis are 40' and tho thrust on the 
piers is taken by wooden tie-beams. To prevent deflection in these, 
they are supported by iron queen-rods. The stress in tin latter is 
very slight 

Dkflection of Fbaheu Stbdctdbhi, 

To ascertain the deflection of a trussed beam or any framed stmctare may 
appear almost impossilile owing to the variations in the elastidt; of tlie 
materiats. The best method appears to be that proposed by Prof. Jobnsou, 
which is as follows : — 

Proposition I. — The nxtemal work of distortion in a framed stmcture ia 
equal to the internal work of reaistanco. 

PropoMiion //.—The deflection D of any point in a franiMl structure 
subjected to a given load is given by the formula 



O'^Y 

in any member for given load. 



...C), 



where p — strcGS per square ii 

f — length of any member. 

n = faotor of mdiiction. ■;, 

This is conveniently called tlie " pull over G " formula. The quantity '"! 
is computed for every member, and D = the algebraic sum. 

Propo'ilion III. — When there are tivo or more paths over whicli a load ma; 
travel to reach the support, the load divides itself among the aeveral psths 
strictly in proportion to the rigidity of the parts. 

"The relative rigidities of the paths are indicated by the nUdve loadi 
reiiuired to produce a given deflection, or they are inveraaly h the deflection 
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Hxxlaced by a given load which is required to pass wholly over each path in 
mooession. Having estahlished this proposition and computed the rigidities 
yf the paths by Proposition 11., we can write enough quotations of condition 
to enable as to solve for any number of redundant members. This proposition 
applies to all structures whether framed or composed of masonry, as in the 
ease of a carved masonry dam.'** 

If we call W the external load, P the stress in any member, Z the 
distortion produced by P, and d the deflection in the truss produced by the 
distortion of that one member, then 

W:P::Z:d; 

for we may assume the structure to be perfectly rigid except one member, 
then all the deflection in the truss will be due to the distortion in that one 
member. Hence the total deflection D=the sum of all these deflections. 

Now since £= ratio of stress to strain = the total stress on the member 
4- total increment produced by that stress — 

E=f orZ=g. 

Also since W may be any load placed at the loaded point we may make it one 
pound, and then calling the resultant stress in the member due to this one 

P^M 

W I' 



poand «t, we have 



la applying this we know p, /and E, but not u. ** Since this is a pure 
imtio equal to the stress in that member for one pound placed at the point, we 
iply put 1 lb. at the point whose deflection is desired and find the resulting 
in every member, either analytically or graphically." The formula of 
takes no account of bending stresses. 
To apply this to the simplest case, viz. , the trussed beam in Example 9. Application t<] 
The problem is to find the deflection, when the stress intensity in the simplest form. 
timber, p^=900 lbs., and in the iron rods 5 tons, say 10,000 lbs. =pt. Then 
the unit stresses in the various bars in the structure for a load of 1 lb. placed 
at the centre of the span are as shown on Fig. 103. 
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Fig. 103. 



Then calling E and E' the moduli of elasticity for timber and steel (say 
• Theory and Practice of Framed StructurcSy p. 220. 
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StrutH 

Emerally 
rge for 
practical 
roasonH. 



Travt^Uerj*. 



Braced 
purlimt. 



Cambei*. 



1,400,000 and 30,000,000 lbs. respectively), I the length in inches and A the 
length of the strut or total depth of the truss, we have for the upper bar 






I J.l 



x-x ^ 



2^ 2 E* 



for the strut 

for the tie rod 
Hence total 



ft 



>» 



=Pc 


xlxhx— 
£ 


t 


=pt 


I2x4h\ 


1 
E' 



Substituting values 

= <^*^^+^'^^) (4x50??400000 ^40oJSoOo) = -^^« "''"'" 

The objection to the above treatment is that it involves taking average 
values for the tensile and compressive stresses {pt and p^,). These can only be 
approximately computed, but as the assumed working loads are generally 
greater than the actual loads, it is a justifiable method of working. 

General Renuirks on Trussed Beams, 

The struts in trussed beams are generally made much larger for 
practical reasons than is necessary to satisfy the requirements of theory. 

From the formulae in this chapter it will be readily seen that the 
greater the depth given to the truss as a whole, and consequentij 
the greater the angle between the horizontal beam and the tension- 
bars the less will be the stresses on all the members. 

Figs. 104 and 105 shows forms of travellers, which are sometime^ 
made with three struts. The principles of construction would b^ 
the same as those considered above. Travellers which are built up 
of continuous plate webs, and flanges, would probably be more 
frequently used where heavy weights had to be handled, rather than 
the braced form here shown. 

Where purlins are braced, a form of construction which can at 
times be used in roofs with considerable economy, there is no neces- 
sity for counter-bracing, as the load is uniformly distributed. In 
warehouses for carrying heavy weights the Hoor girders may some- 
times be advantageously strengthened by bracing. 

Camber is given to trusses chiefly for the sake of appearance 
The amount given is generally a proportion of the span, but shouk 
theoretically = the deflection when fully loaded, so that when th< 
truss is loaded it may not have an appearance of weakness. Giving 
a camber not only adds no strength to the truss, but if the truss i 
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lip in order to produce the camber there are initial stresses 
produced in all the members which must be deducted from their 
available capacity to resist the stresses produced by loads. 




Fig, 104. 




\ 



Fig. 105. 

The various forms of beams considered in this chapter present, in 
Ibe crudest and most elementary forms the principal methods of 
Iridge design. (1). The trussed beam with load above and trussing 
lelow (Figs, 92 and 93), is the simplest type of what are known as 
deck bridges, where the weight is carried on the upper flanges. 
(2). The trussed beam with trussing above the line of the load 
{Figs. 95 and 96), is the simplest form of through bridges. And (3), 
akhongh in the strutted beam we have only shown two forms 
(#S0i. 100 and 102), one with the strutting in two, and the other in 
three pieces, yet it is evident that the number of strutting pieces 
■i^t be indefinitely increased, forming ultimately the arch. There 
ii still another method (4), the converse of the strutted beam where 
die load is suspended by tension bars or chains, as in Fig, 106, 
iMtead of being strutted from beneath. This gives the simplest 
iMin of suspension bridge. 





Fig. 106. 

L 

[■ It will be our task to examine the detailed development of these 
^ Various forms in following chapters. 
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APPENDIX I. 



^f'^fWH^ The following investigation of the trussed beam is given by Major H. D. 
bussed beam. ^^®> R-E., in the R.E, JoxiniaZ for August, 1897 : — 

The loaded point B of the continuous beam ABCD {Fig. 108) is deflected 
and falls below the horizontal line AD, and from the symmetry of the trow the 
point C must rise an equal distance above this line. Henco there is a point of 
inflection or virtual joint at O. The M^ diagram in the beam is shown in 
Fig. 107. The outline of the truss AEFD forms a M| diagram suited tea 
certain loading (Case 8, p. 72, Part I.). But the M| diagram due to the load 
W on the truss is a triangle AGD, and the two diagrams must intersect in the 
points A, O', O, and D, where the M^ in the beam = 0. Hence the ordinates of 
the shaded area give the bending moments which must be resisted by the beaia 
itself. 



\ 



W 





Fig. 108. 



It is easily seen that EG or FH 



= iBG = ix§WxJ = ^' 



w 

But this is the Mf which would be produced by a load — at B in a supported 

I vv 

beam of a length - . The stress in the strut BE is therefore = — - . Also 

since the M^ at C = Mf at B and the former is due to the thrust of the stmt 

W 

CF, it follows that the stress in this strut must = -^ . 
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If ^ be the inclination of the tie-rods to the horizontal and h the depth of 
the truas at the centre — 

W 
Tension in sloping ties — ~-o cosec $, 

w 

», horizontal ties= - -■- cot ^, 

mm 

Thrust in beam = +^V cot B=^ L • 

2 2 3A 

The stress in the horizontal tie may be checked by taking moments about O. 
GiU this stress P. 

SWxf.-W^ = PxA; 

The maximum compressive stress in a rectangular beam of section &, c/, 
*«nuning that the points BC do not deflect sensibly, is 



•Wch U the same as Equation (vii.), p. 102. 
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Braced Girders, with Parallel Flanges. 

Alternative Methods of Enquiry. — Types usually found in Practice. — Methods 
of Investigation. — Simple Method for Symmetrical Loads. — Rules for 
ascertaining Stresses. — Application of Rules to Cantilevers. — Fixed aiw 
Continuous Braced Girders. — Unsymmetrical and Rolling Loads.— Cal; 
culation of Strength of a given Braced Girder. —Example of Simple Roac 
Bridge. — Major Bate's Portable Bridges. 

In the investigation of built-up girders with parallel flanges we ma] 
pursue one of two alternative methods of enquiry. 

(A). We may regard the structure as one beam, and proceed bj 
following the laws for transverse stress, regarding the booms o 
flanges as taking the whole of the resistance to the Moment o 
Flexure, and the members which form the bracing as resisting th 
shearing stress. 

(B). We may view the whole as a braced structure pure anc 
simple. We may dismiss all ideas of transverse stress on th< 
structure as a whole, and proceed on exactly the same lines as w< 
should adopt in the case of a braced roof. 

The former method of investigation is representative of Englis! 
practice. The simple beam has, by a process of evolution, becom 
refined, first into a rolled beam of I section, then into a plate girde: 
with the mateiial arranged economically in the flanges, but wit 
an excessive quantity still in the web, and, lastly, into the lattit 
web or braced girder form, the whole being fastened together i 
securely as possible by rivetting at the joints. 

In America, the braced girder was evolved from wooden or coi 
posite trusses, and the term " truss " is still used in that country f 
what is in England called a girder. Each member in the truss 
treated as having its own individual function to perfoim, and t\ 
joints are usually pin and link connections. 



^^W) Chapter III. ve have investigaUd tho girder in jta penultimate I 
^^Bp of development, and in Chapter IV. we have examined the ' 
^^Hbplest forms of braced sti'uctiires, aa ap|ilied to bridges. We tiro 
^^Brefore now in a position to use either mode of investigation in 
^^K L'uimi nation of braced girders, and will find that there are 
^^Hvantages in thus having two avenues of approach to the same 

^f A few of the foi-ms which are ordinarily used for this class of 
■Iwign are shown on Ptule VI. The N, Whip pie -Murphy, or Pi'att ^° 
'niss, is shown on Fig. 1. Al! the verticals in this truss, as shown, 
■"V Hlnits, the diagonals ties.* If the diagonals were sloping the 
"ilier way, as in Fit/. 2, they would be struts, and the verticals 
1)8.4. The former method has the advantage that in it the struts are 
'if minimum length. On the other hand, with timber and iron bars, 
JiejoiaU are more easily made with the form in Fiif. 2. This form 
10 of the best types of braced girder for tem|)orary work. The 
nulwiiy may be either on the upper or lower boom, tho former for 
[cference, if there is suHicient headroom below. 
A combination of two or more systems of triaugulatiun of this L 
B is often used, as shown in Fi^. 3. This is sometimes called ^ 
Linville tniss. See also Fiy. 8. 

Vhere all the braces are inclined at the same angle, and there is V 
«i» system of tri angulation, the typo shown in Fiif. 4, called the ^ 
I "Wincn girder, is produced. This is much used in India, and is 
It the standard type for railway bridges from 100' to 150' span. 
Warren gii-ders, as in Fig. 5, form the simplest type of lattice 
mollis girder. Here there are two web systems of triaiigidation, 
I there are sometimes more than two systems. The infinite 
hultipHcation of such systems would, of course, eveutuully become 
tA« continuous plate girder. 

Sometimes the ^\'arren (iirder is made with verticals at intervals, K 
u in Fi'j. 6. The form shown in Fig. 7. and called the Howe 
tnas, it also frequently found, but either tho vertical bars, oi- else 
tinlf of tho diagonals, are redundant, except as regards rolling loads. 
Hii' investigation of this presents peculiar difficulties, which will 
riiiticcd later. 

These are the usual types found in practice. Other types would 
investigated on tho same lines as these. 



■In the iliAgnutio of this ai 



1. Lathom's 
method. 



2. Clerk 

Maxwell's 

method. 



3. CLxt<»n 

Fidler'B 

method. 



4. I>iaRram6 
for M?. 



5. Method of 
sections. 



118 

Metliods of Investigafiou, • 

When we come to consider the method of ascertaining the J 
in the various members, we find that there are several \i 
doing so. These may be briefly stated as follows : — 

1. Lidhonx's Method. — The reaction produced at each supj 
each portion of the load acting at each panel* point is first asce 
by the ordinary rules for reaction in supi)orted beams, a 
effect of that reaction on every bar of the truss considered, 
effects are tabulated, and the algebraic sum taken as the re 
stress on the bar in question. This method is very laborioi 
though it was some 30 years ago universally used, is now as 
sally discarded. 

2. Clerk MaxweWs Metlml. — This consists in drawing 
diagrams for the truss in the same way as described in Chapt< 
and XXL, Part I., for roof trusses. This, although conveni( 
dead loads, would involve, in the case of rolling loads, i 
diagram for every position of the load, and would therefore i 
much labour. 

3. Claxton Ficller'a Method. — This consists in regarding the 
as an extension of the trussed beams described in Chapter V 
applying certain simple rules for the stresses. 

4. By regarding the whole as a beam, and using the diagra 
the bending moments and shearing stresses, as in the case of i 
girder. This is the metho<l used by French engineers. 

5. By the method of sections, as described in Chapter 
Part I. This is in all cases useful as a check, and is largely u 
American engineers. 

We may, of course, use any combination of the above th« 
help us to obtain the required information as quickly and as ( 
as possible. 

The first and second methods may be put on one side as 
tedious. The fourth and fifth methods are very useful, bi: 
not be specially described, as the subject has already been dis 
for other forms of structures. The third method is very simj 
easy for all uniform loads, and for loads symmetrical with rci 
to the centre, and may now be described in general terms, t 



♦ Panels are the divisions into which tlie girder as a whole is divide< 
intersection of the longitudinals with tlic braces. 

t The process hei'e <lescribcd is not exactly that given by Mr. < 
Fidler, but is based on his methods. It is partly derived from 
writers. 



119 

In Fiy. 109, if we com-civo tlie weight \V to be siispeiiiled from the Single v 
HI''': of the triangle d/^. which in ils turn is suspended from the o('^^_'' 
{xiiiiis d and e of the trupcziiim lulnf, we see thut the weight W is 
iNiiHioitteil in a<iiml jmrtB to the abutments at It and / by the bars 
' '. ii'', dh, and be, ee, and ff. Wo see also that the bars bii, he, dh and 

, iiliicli slope upwanis towards the centre, are struts, and that the 

'tiical liars are in tension. 




Fi.j. 109. 



I however, the 



irk be inverted, as in Fig. 1 1 0, the ninmml 

I, but the vidnre of tliosc stresses is 

The bars which slope downwards towards the centre are 

d the verticals are now in compression. The joth along 

B the weight W is transmitted to the abutments is the same as 

t, and we still see that the upper horizontal bar of the frame- 

n compressioD, the lower in tension. 




(.Wo take the arrangement of bars rcpiotcnted in Fi'j. lit, which 
irther extension of the same priuuiple, we see that the triangidar 
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beam ahc is supported by vertical bars ad, ce on the trapezium Ac/^/, 
and that this, in its turn, is supported by vertical bars at the pointi 
i and g on the trapezium jigJc, 




Fig. Ill 



everal equal 
MulHequi- 
istant from 
antre. 



Further, we see that the stresses on all the inclined and terikA 
bars are simply those due to the portions of the weight W trans- 
ferred to the abutments, but that if we consider the Jimzantoi 
members as bound together, or otherwise united into one, the stress 
between a and c will be the greatest in the whole stnicture, and those 
on J A, id J eg ami fk will be the least. 

It will bo noticed that this is in exact accordance with th<5 
rules for Moments of Flexure and shearing stress in a supported 
beam. 

If we were to put equal loads w^ w^ at the points t, rf, e and ff* 

it is evident that the stresses produced by such loads must b^ 
additional to those already existing in ih, hdy da, <(/>, be, etc. Further* 
any part of the weight w.^ conveyed from d towards the right abut - 
ment will, in eifect, be neutralized by an equal portion of the weigh*' 
w.^ at e conveyed in the opposite direction towards the left abutmenW 
or (to express the same fact more scientifically), f of w^ will cans^ 
compression in ah, while f of w^ will cause tension in ah. These will 
neutralize each other. Again, J of w^ will cause tension in hd, while 
f of W3 will also cause tension in hd, hence we may consider all the 
weight 1^2 ^o travel along hd, hi to the left abutment, and (Ul the 



weight w.^ at e may be considered to pass along e/", fg to the 
right. 

But although on this reasoning the increments of weight w^ 

w_^, will have no effect on the central web bars, they have an appreci- 
able effect on the central horizontal bars. For any increment in 
the stresses in ef, gk will produce corresponding increments in hf 
and jk, and consequently in ac, if we consider the horizontal bars all 
bound together in one. 



Friim these premUea wo deduce the important pi-actical fact that atrf«»B»«ifl.v 
■ " " irrwed ^rder with Hymmetrieol Uxuls we mii b;/ simple nddiliim a„y timber uf 
.!..u,n (V amauHt of the streets im, any raruihft of the girder, and by '^'^^^^_ 
. ■ ft'iii can Mcertain lite nature of thai sirens. 
Ill the caso which we have been considering, let iia Biipjioae the 

;inler loaded with weights w, w at A, «, », e and/, and with Jw 

a, j and *. Then, starting with the web bars from the centre, we 

lee that tho stress on vb {Fuj. 112) will be «', and that half of this 

(rill bo transferred to each abutment by the burs ba, be. The strees 

on each of these will oonse<|uently bo \w x the cosecant of the angle 

which the bar makes with the horizontal. At ca fresh increment of 

:lit comes in, hence the stress in m is IJin and in like manner 

-trflss in ef'w l^w cosee 0. Similarly, the stresses in fg and gk 

-In- anti 2Ji« cosec 6 respeutively. 
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[ nj. 112. 

\«iho stress in gk is 2Jr'j, the stress in ^/, and also in tft, ninst, for 
i-ili'dum, l>e equal to 2j cot 6, from the piinciplc of the triangle 
■ I'Tces. The stress oii r/ must be the sum of the stress in fk and 
iiwizontal component of the stress in ef=1\w cot fl+ Uw 
'-'■Mycosf* = 21wcotfl-(-Uwcottf = 4iwcot 0. 
i "T lIic same reason this will also bo the stress in /' . The slresn 

u-jll, on the same reasoning, be 4^u.- cot 0. 
I'll uscertain the nniure of the stresses, we know that all bars 
;'''ij! downwards to the centre must be in tension, that therefore 
vorticals will be in compression, that the upper boom will be in 
ijaipression, and the lower will be in tension. 

li'ites fur AfrerUuning Stre»ses in SifmimlHi-uU'i IahiM Ginlns. 

' !.'■ geneiiil rules tor stresses in aymmetricully loaded braced (ii-i 
r 5 with parallel flanges may be, therefore, as follows :— -^^ 

;!)- Write on each inclined bar cosec (' (or any symbol '"■■ 
ijch as '), and on such horizontal bar cot « (or any symbol 



J 



^f such as 0. <^ being the angle of inclination of the bl 

horizontal. | 

(2). Working along each series of triangles, I 
inclined or vertical bar write the vertical weight I 
it, on its own series, and the centre of the spanj 
case of inclined bars this will be multiplied byi 
already written. 

(3). In any horizontal bar write the sum of the h<i 
components of all the bars meeting the bar in qu^ 
the end nearest the abutment. ' 

(4). All bars sloping upwards to the centre arl 
all sloping downwards to the centre are ties. 
bars are struts when the sloping bars are ties anj 
versa." They change sign, however, in the c^ 
with distributed loads ; and (ii.) at the weight, in | 
of a concentrated load. The upper horizontal l! 
struts, and the lower horizontal are ties. 

It must be remprabercd that these rules (/'■ not applf to 

nor to beams continuous over aeveral siuiiis. These 

investigated by similar tnctliods, anil will be explained pQ 

Thegiitiors shown in Fiijk. 2, 4 and 6, PUik VI., show t 

written against the membere according to these riUes. 

J,., These rules correspond, it will be observed, with those-ll 

"*P" "m" ^^''^^^^^ ^"'' Momenta of Flexure. The inclined bars, 1 

I Hhparin^. shearing stresses, transfer the horizontal [rartions of thoBS 

the booms, and the vertical portions to the abutments. ': 

minimum in the centre, a maximum at the abutments, coH 

with the ordinates in the diagram of shearing stress in t^ 

c&Wy loaded beam (Fiif. 113), whereas the stresses in the Qi 

minimum at the abutments, and a maximum at tha cw^ 

ponding with the ordiuatos to the Mf curve, as in Fiff. ') 

curve will, indeed, give us the stress at any point of thej 

we know that the ordinates show the M^ which is = the,! 

Resistance = mil, and as </, the depth of the girder, is C<M 

ordinates give us graphically the values of the varying sti 

vided we make on any convenient scale the centnd 

= Wl~S'l, where \V is the total weight on the beam, t 

length and depth. i 

The shearing stress diagram (Fi(/. 113) shows, by its ordi 

value of the vei-tical or horizontal shearing stress at any j 

order, however, to find the actual stress coming on any inej 
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Kh aa be, ef, gk (Fig. 112), we draw from 6', e', g' (points in the 
Marmg etreas dij^ram corresponding to b, t, g) lines b'c', t'f, and 
t parallel to the bars be, ef and {/k. The lengths of these lines 
Bpresent the stresses on be, ef and gir. 




Ftg 114. 

Gmilarly, Fig. 114 represents the Mfdiagram. Let this be drawn 
b above and below the beam line AB. Through the panel points 
the Mf diagram aboDe AB (viz., h, a, o, r, f) draw dotted lines 
Kllel to the beam line and meeting verticals through those panel 
Tlien the ordinatca to the dotted Hriea represent the stresses 
the vtrious members of the girders, ejj., any line xy between A 
C represents the compression in the upper boom of the girder in 
lend panel (2J«i cot 8). For the lower part of the diagram the 
in the members of the lower boom arc represented by the 

» to the diagram CEFG D, where the shaded rectangles 

Rsent by their ordinates the horizontal components of the stress 
Ibe inclined bars gk, tf, etc. {Fig. 112). 
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It may be objected that the oniinates of a Mf diagram repress 
momenta, not forces or stresses. But in the case of a girder w: 
parallel flanges, the Mf diagram is also a fiange-stress diagra 

M 

because Mf=Mr = r(//^, and as d is constant -_I = rtf. Hence a 

a 
ordinate, such as CE, divided by the constant depth d, represei 
the flange stress. 
Explanation There are one or two matters in connection with the rales gi\ 
?^^™^^*"** above which may require explanation. Rule 2 regards each ser 
of triangles as a path along which the vertical loads are transmit! 
to the abutments. Thus in Fig, 115, which represents a half elevat: 
of a Warren girder with two series of triangulations (one dra 
dotted to distinguish it from the other), the stress on AB 
2w cosec 6, because *2io is the weight between AB and the centre, 
the series of triangles (dotted), of which AB is a part. If the gin 
had been as in Fig, 116, with exactly the same loading, etc., 1 
stress on AB would now be iw cosec 0, because there is now ( 
series of triangles, and the weight between AB and the centre 
that series of triangles is iw. In Fig, 116 the stress on AB is, the 
fore, twice that in Fig. 115. 




?555^ 



Fig, 115. 




Firj. 116. 
But, comparing the stress on CB in both cases, we see that 
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neb Tuort nearly equni, i.e., iii tho lirst case it is lOu: cot 0, and in 
» second case it is 9uf cot 0. In fiff. 116 the bara GD, DE are 
|»rBaous. 

If the same girder were designed as shown in Fiff. 117 (which i» 
K » good form owing to the increased length of the compression 
n FA, AD, etc.), tho verticals AC, FG simply transmit to iho 
lints A atiil F the weights suspended from them, ami do Dot form 
:psrt of the path by which the weights are transmitted to the 
bntmenta. Here the stress on AB would be again 4iu cosec B, and 
» tension on CB will now be Uiccott', (See also Fiy. 6. PAfteV.). 




Fi'j. 117, 



Tien a double series of triangles are used In the N girder, aa in J' k--- 
jfb 11B (a common design in large bridges, e.g., the Attock Bridge of triariBleB, 
■r the Indus, and tho Dufferin Bridge over the Ganges), there is 
atavXiy one bar at each end, as DB, which ia at a different inclina- 
m from the others. The teTision in this bar is Siu; cosec d, since 

a are 5^ limes w between it and the centre of the bridge on its 




Fi;/. 118. 



n series of triangles. Similarly, the tension on AB is Sic cosec 8. 
e compression on the end pillar CB is lU-^u', and the tension on 
I lower boom is blw cot 6', while the compression on EB is 
veot 0' + 5k> cot 0. 
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The tension on AD is equal to the compression on EB, while tho 

compression on GE == tension on HF = 9^w cot ^ + 9^w cot 6, The 

summation goes on on both booms in the same way, 5}rW cot d' beii 

a constant increment in each case. 

Check by In case of doubt, one can easily verify one's result by making 

A ress ag^m g^p^gg jjagri^m Qf the forces acting at the point in question. F( 

instance, taking the forces acting at B (Fig. 118), we know 
(9 = 45^ and ^' = 64" (nearly), and that BC is = 10Jw. Drawing 
forces as in Fig, 119, with the usual notation, EB is the onlj 
unknown. It is found from the stress diagram {Fig. 120), where 

eb = ef-j-fb = ed cos 6 + cd cos 0' 

= bw coscc 6 (cos 6) + b^io cosec B' (cos 6') 
= r>w cot O-^-fyhw cot $'. 




Fig. 119. 




Fig. 120. 



Rules for 
cantilevers. 



Ajyplication of Rules to Cantil^e)'s, 

In cantilevers the rules given above require to be modified as 
follows : — 

1. Same as given before. 

2. Working along each series of triangles, for each vertical or 
inclined ])ar write the vertical weight between it, on its own series, 
and the free end of the cantilever. 

3. In horizontal bars work from the free end towards the abut- 
ment, and write on each the sum of all the horizontal components of 
all the bars, meeting the bar in question at the end furthest from 
the abutment. 

4. All bars sloping upwards to the abutments are ties, and down- 
wards to the abutment are struts. Vertical bars are struts when 
the adjacent sloping bars are ties, and vice versd. The upper hori- 
zontal bars are ties, and the lower horizontals are struts. 
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Fig. 121 sUowa 3 cantilever with a. loinI= w <m cacli pMiiel point, 
I"! stresses written on eucli bar. 

iw \w \w itr iff , 1 M- 

fSwt ' fZfj'Tt * Strt- * 4-ytwt iwt jwt T 
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Fi.f. IJI, 

Caatilevere are rarely built with horizontal flanges because of the PumJlul 
IX i mum stress in the booms at the abutments necessitating extra ,^^*^^ 
;4!it«s. This will be apparent if we conijinre Figs. 123 and 125. tantilcve 
Fin- 122 represents a cantilever with ])arallel flanges of 7 panels, 
«*ch panel load 2 tons and a weight of 4 Ions ut the end. Fi(j. 134 
leprcseuts a. c^kntilever with the aa.iiu' number of panels, the same 
lenglli of arm, and the mmc huih, but with the depth increasing 
I the extremity to the abutment. To a casual observer it might 
ir as though Fig, 122 were a more economical construction than 
Tig. 124. But when wc ex.™ine Fi'js. 12:1 and 125, which 




L-iont the respective stress diagrams drawn to the same scale, 
with the letters corresponding in each, w-o see that, whereas the 



a stress on any member such as AV is, in Fig. 122, 77 tons, 
in Fig. 124 it is only 19 tons, while the stresses od &I1 the other 
memberB are cotTespondingly less. 



Filed »ii<l 
cuntinuuii 
girders. 





Fig. 124. 



This is the reason why, in bridges built on the cantilever principle, 
such as the Forth Bridge, the Lansdowne Bridge over the Indus at 
Sukkur, etc., the cantilevers are not built with parallel flanges. 

The principle is, iu fact, based on the same grounds as the 
modifications for roof trusses, mentioned in Part I., p. 283. 

Fixed and Ooniinumts Braced Girders. 

The investigation of fixed and continuous beams, built as braced 
girders with parallel flanges, follow from the consideration of the 
Moments of Flexure and shearing stresses in these bt-ams. 

The shearing stresses ure the same in fixed beams as in beams 
under similar conditions of load, but supported only. Hence the 
stresses on the web bars, whether inclined or vertical, of a braced 
girder with parallel flanges are the same under similar conditions of 
load and span, whether the beam be fixed or supported. The 
stresses in the booms will be a minimum at the points of contra- 
flexure, and, working from those points to the centre and to th( 
abutments respectively, they may be written down as in the case ol 
supported beams and cantilevers. 

Take for instance the fixed girder AB with 10 panels, shown in 
Fig. 126, with a load of w at each panel point. We first find the 
points of contra-flexure C and D. These we know to be distant 
from A and B nearly* \ of the span (see Table I., p. 4). We there- 

• BetweenO-211 and025. 
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J write down the stresses on the girder between C and D as if 
ported at those points, and on the cantilevers AC, BD as being 
led with half the weight on CD at their extremities, as well as 
load w at each panel point. 





ytwt 



2iwt 4wt «ft»t 



Fig. 126. 

lie loads are written for each member, for half the girder, on 
. 126. Fig. 127 shows two cantilevers AC and BD with a central 
ler CD. The stresses in the members are the same in the one 
3 a.s in the other, the two structures being designed on similar 
iciples. 




Fig. Ul. 



Il similar procedure would be carried out in the case of continuous 
ang. Or the Mf diagrams and shearing stress diagrams might be 
iwn for the whole continuous girder (as in Pkite II. ), and on those 
ds might be super-posed the diagrams for the Moment of 
ristance of the plates, which it is proj)osed to use, in exactly the 
16 way as pointed out in the previous chapter for plate girders. 
S\'ith beams subject to moving loads, the shifting of the points of Shifting of 
itra-flexure is such a serious practical drawback that it is {.ontJa-fltxure. 
iparatively rare that braced girders with parallel flanges are 
igned on the continuous principle. This disadvantage is not 
te so great practically as theory might lead one to suppose, 
aude the practical limits of thickness of plates, etc., demand some 
limnm sizes of boom at the points of contra-flexure, and these 

K 
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miiiimiim Bizea may l>e stiltiddiit lo cover lit 
position of the points of con tra-tlex lire. M. Pascal, in his very iu< : 
TrmU PrnliqUfe ties Pimts Melalliquen, gives various examples of l ■ 
road and railway briilges, built on the lattice giivler principle > ■ 
tinuoiis over sevmitl spans, where the metal is arranged so l- 
inchiilc by its Moment of Itesistauce the varying Moments of Fle.\ i : 
produced by load-t at various positions. Bttt it may he doiil!' 
whether much real economy is effected by the use uf coulinu- 
girders in bridges of spans below ISO'. 

Sometimes, where the span is necessarily grejitand not siibjeit 
rolling loads, e.g., the roof purlins of a railway station, braced gii<i' 
on the continuous principle, built up with pamllel Hanges, c-'in 
most economically employed. 



Viisymiaeirietil Loads ami lliiUin<j Load^f. 

1. If wo take the WaiTen gii-der shown on Fi^f. 1, Piittc VII.. lo.i-i 
with a uniform load w at each lower apex, we have thi^ stn'M 
diagram shown on Fi'_/. 2. If we consider the effect of a single lojj 
W at any one of these apices (Fig. 3 a.nd Fitj. 5), we see that llie 
magnitude of the stresses in all the members will vary with ili<! 
position of the load, and also the wtlure of the stresses in some •■! 
the members will vary. If the load be in the centre, the strc-d 
diagram will be as shown in Fir). 4, all the bat's sloping upwujiU 
towards the centre being in compression, and those sloping do>vi>- 
wards towards the centre being in tension, as in the case of a unifoitu 
load. But when the loud has moved to the ajiex nearest to 1il<^ 
abutment on the right {Fifj. 3), the stress diagiam is us shown !;; 
Fiff. 5. In this ca.se we must hrst find the reactions ut each snpj'" 
accoriling to the onlinary rules on the subject, and having fi'tini 
those reactions, the drawing of the rest of the stress diagram {Fig. 
is easy. We see that if a vertical line be drawn through Ihe hwi 
ail bars sloping upwards towards this tertical line are in compreasiun, 
"liceirrsd." The bars tra, m, which were formerly in tension, are 
in compression, while the bars mn, or/, formerly in compression^ 
now in tension. If, now, Fig. 2 represents to the same scale 
esses for the dead load on the girder, it appears that there will 
some bai's towai*ds the centre of the span which may be in tension 
compression, acconling to the position and magnitude of the rolli 
load. For example, the bat- ritf: has a constant amount of tontdj 
due to iho dead load {Fiij. 2), ajid it has, under certain tire 



Iiij rolling load, a iletiiiite iimoiint of compression. If, tlion, the 
' [ isgreatci' thun tlie former, it ia clcitr thut the bar must be 
jiiLij lo boar either class of stiesa. 

I ids is ihe aimjilest case of what is called connter-atresa. Where 

" -li-iid loud on a. structure is groat in compaiison with the mgviiig 

."1. the numters of bars which may he called upon to hoar either 

•-•"t of siross will bo small, and vice, vrrs'i. It will be clear that 

'^r-' rolling loads are anticipated on a structure there will be in 

I untml bars a reversal of slreaa, which will necessitate a high 

■!■ of safety, on account of the fatigue of the metal proiliiced. 

I" find the limits of the counter-bracing refjuircd in any given 

' . perhaps the simplest plan is to draw a shearing stress diagram, 

' the shearing stresses are borne by the web bars. In the case 

-idorod above, where there la a single roiling load W and a 

' irni loud uJ, due to the weight of the girder and superstructure, 

■ int wo have to do is to draw AB lo any scale representing the 

jiii of the girder, AC on any scale of weight = J «)/ = BD, 

BF = \V on the same scale. Join CD {Fiij. 6), EB, AF. Draw 

i.ul DIV = AE and BF, and join CD and CD' cutting AB at G 

If. The points G and H will indicate the limits within which 

tcr-bracing is required, Iwcause within those limits there may ba 

r positive or negative shearing stress. This reasoning applies 

il elates of rolling loads. 

..I't Its examine this matter a little further. The loads which 

Ksiidly have to consider in a bridge are uniformly distributed, 

ing from one side or the other until the whole bridge is covered. 

fFi the principles explained in Chapter II, we can draw the 

ning stress diagram for such a load, and this diagram must be 

' i! to the shejiring stress diagram for the uniform load produced 

hi- actual weight of the biidge. 

>!' instance. Fig. 128 represents the shearing stress diagram 

. lieiun ABof weight W = lo/, producing a shearing stress diagram 

' 'DB. If this beam be subject to a passing load also of weight 

I unit nf length, the positive shearing stress will be represented 

\ F.H, and the negative shearing stress by OBF. Between G and 

ncre may be either c'ass nf stress. If the loud aitvances from 

it to right the shear at the head will be negative, if from right to 

ft the shear will be positive, hence between the limits, where either 

I of Btrima may occur, there should be counter- bracing. To show 

ftbtt positive and negative sheaiing stresses alTect the inclined bars, 

~Cl) represent (/*!(/. 130) a panel in a girder, andletthesheaiiiig 



Si»gl"l« 
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stress on the girder at the panel be positive, as shown by the arrowi 
The bar AC is evidently in compression. If the shearing stress w< 
negative, the bar AC would either have to be capable of beaii 
tension, or another bar BD, shown dotted, would have to 
introduced as counter-bracing. 

If the rolling load weigh 2w per unit, the stress diagram will 
as on Fig. 129, and the points G and H are further apart than 
Fig. 128. 




Fig. 128. 




Fig. 129. 

If we join E and F (Fig. 129), we get EAOBF, the shearing strJ 
diagram for the beam covered all over with the dead load and tl 
rolling load. This does not differ much from the diagram! 



I 



of 



^ c 

-A dO 



133 

..■^.-s<^ii |jri>ducoJ \iy tha rolling load in its (lasaage, anil tho 

ifferoncc, such as it is, ia uhiefly in the 

mtre, wliore, (rom I he practical limits 

n|wee(l by murket Bee lions ol metal, ii 

anain size of membei' must in any case be 

Mil. The ahearing strees diagram repre- 

ciiiiii^ the resistance of the section of miiii- 

iLj ^'mus will be in nearly all cases approxi- 
to tlio theoretical requirements of the 

■ ^ ma stresses proiluced by the rolling load 
,111 Its passage. Hence, in almost all cases, Fig. 130. 

t msty ascertain the stresses in each mem- 

!r. from the consideration of the whole span being entirely covered. 

rtiia reduces tho calculation to the simple rules given in the former 

l>n of this chapter. 

!UnJo^i(wi rt/ the Strength uf a Giiy.,, Bmeed (Hrder intk PunilUl 
FiiingM. 
It i« frequently necessary to ascertain the safe strength of an aireng^h 
lUlJng girder. There is no difficulty about this, if the main ^^cft^ 
rindjdes arc borne in mind, viz. ;^that the booms furnish the 
foment of ResistAnce (usually expressed by the formula rad, where 
-intensity of resistance per square unit, a and d representing the 
Ra of the Hunge and depth of the girder, generally expressed in 
•ches). and that tho braces resist tho shearing stresses. If these 
mcce are at an angle to the horizontal, the stress they may be 
Iklled upon to resist will be the shearing stress at the position they 
teciipy in the beam x coaou 6, where 6 is the angle of inclination. 
T instance take the girder shown in Fig. 131 (from Inntnidvm in 
try /Ctufinffrinif, Vol. III., Plate 19, Fi^s. 4 and 5), where tho 




] is to', depth from centre to centre of booms 6' 6" = 66', braces 
y lit an angle of 45', verticals say 1" diameter (the thickness 
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is not specified). The timber is red fir, the ultimate resistance d 
which is — for compression 5,375, and for tension, 12,000 lbs. p^ 
square inch. 

Then the expression rod (allowing a factor of safety of 5)|}i 
becomes : — (1). With the tension, or lower boom — 

12 000 X 30 X 66 = 4,752,000 inch-lbs. 

(2). With the upper boom — 

^^ X 120 X 66 = 8,514,000 inch-lbs, 

which is far greater than (1). Tlie minimum safe available Moment* 
of Resistance is therefore 4,752,000 inch-lbs. 

The maximum shearing stress will be at the supports, and wil 
there be resisted by a biace or strut, about 6' 8" long and 5* x 4" ii 
section. The ratio of length to least dimension will be 80" to 4" 
20 to 1". Hence by Equation (4), p. 160, Part I., P = JfeA, whei 
P is the greatest load the strut can bear, r^ is the safe resistance t4l 
crushing = ^y^ = 1,075 lbs. per square inch, and A = area = 20J 
inches. 11 

Hence P = 10,750 lbs., and the vertical or horizontal componeni 

of this will be -^^^^. = 7,620 lbs. \l 

cosec 45 ll 

The iron bars, which are capable of bearing a safe tensile stress 

5 tons per square inch, and are 1" diameter, can stand 

r'x^x 2,240x5 = 8,820 lbs. 
4 

This is rather more than 7,620, hence the latter must be taken a| 
the available resistance to shearing. 

Thus we gather that the girder can resist a weight producing a Wj 
of 4,752,000 inch-lbs., and can resist a shearing stress of 7,620 \hi 

To find the unit weight per foot run, we can write 

4,752,000 inch-lbs. = 396,000 foot-lbs. = ^ , 

8 

where w' = required unit weight per foot run and / = 40. 

8 X 396000 T f,nr. lu c 4. 

w = — -^ — = 1,980 lbs. per foot run. 

40x40 ^ 

The total load would be 1,980 x 40 = 79,200 lbs., and the shearii 
stress produced by such a load uniformly distributed would 
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lbs,, whicli is far more than the 7,620 lbs. tbiit liic braces 
ilofligneil for. The strength of the latter, however, would be 

^,!ly increased hy fastening them together where they cross, 
pii would double the efTective strength, as the ratio of / to A woidd 
|p*r lie reduced. 

Tlio uouiiter-bracing of the Howe truss type of girder here shown Counior- 
kroiigbont presents difficulties. Whore there may be either class HowMnMi 
f ibcariiig stress, counter-bracing is necessary, aa we have seen, 
hit where there is no chance of both kinds of shearing stress, the 
rof'lem of how much of tho direct stress is borne by the two seta of 
Ttce^ is a very indeterminate one. It will depend upon tho deflec- 
m of the stnicture aa a whole, and the relative rigidities of the 
(ffcrent seta of triangiUatious. This may be worked by the-Ci 

immla. explained in Chapter IV., on the assumption that the load 
jvides itself equally between the systems of sets of triangulation. 
fciH usi^Limption must only be true when the workmanship is good, 
t'i where each joint is arranged so that the various members are 
(lully doing their proper share of the work, a condition of things 
liich would be rarely attainable in practice. 

.U is true that in some forma of bridge there may be either 
kicive or negative shearing stress at any point. An instance of 
(i* is the stifTeniug girder of a suspension bridge (see Chapter VII.), 
I >iR-b a case the Howe ti'uss is the best form to udopt. In 
;iir,iry cases the Howe truss presents a certain number of redundant. 



ytpplkation of Simplt Bmeeil Giriiers to a limd Bridye* 
\ • Jtn example of the application of a simple braced girder to a Exaniuli 
J bridge, we may take the following :— '"?'5'' "" 



bridge, we may t 
vAMi'LE 1-2. — Desu/n i 
./■Jf Mitrphij truss fort 



rmul briilijefm- a span of 50 fed, of ike N or 
, Uif timber to he upruc, and the lie bars of 



,fti<Uh of roadway 10' ; weight to be allowed for 80 lbs. [wr foot 
fctr. loa.l nil over, exclusive of the weight of the gii-ders and 
prrstnictnrc. 

» Tills in Hri examplB tor a small road bridge audi im might Ik; required in 
t hilla tu liiilia. For a large B|iau wood»n bridge on thia pHncipIc aee 
Wo q/ Proerrdiag^. In^ilnlioa of Civil fi«ffin«r*, VoL CXXVTII.. whore 
hn • licMription of a bridge of 3 span? eacli of 1 10' acivss the VVurriim. 

^ - si W«m«.Wn.>.>. ^HVf Tl.„ ..-..,1 .,.=..,1 :.. .u: 
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Planking. 



Take a depth of 5 feet, let the load be on the upper booms, j 
let the two girders be at 6 feet central intervals. The form of 
bridge will be shown as in Fig. 2, Plate VIII., each panel be 
5' wide. 

For spruce re = (average) 4,000, rt = (avei'age) 10,000. Modu 
of Rupture (average) = 8,000 lbs. per square inch. 

The road planking rests on cross baulks 5' apart. We may tj 
each plank to be at least 15' long and nailed at the ends, henc* 
may be reckoned as fixed. The weight uniformly distributed 
80 lbs. per square foot, the width of each plank may be t^ken 
12", and clear span = 5' = GO", r = ^f-^ = 1 ,600. 
Hence 



Baulks. 



W/ rirf2 80x5x60 1600xl2x(^ j aq 
_ = -^ - becomes — ^^- g ; d = 08. 

Make IJ", so as to give extra stiffness.* 

Baulks, — The Mg- will occur when the 6' central portion is loa( 
and the outer parts unloaded. Here 



Hence 



W = 6x5x80 = 2,400 1bs., and 1 = 6 feet = 7 2". 



Wi = '^'^^ becomes ?122ill2 = - - x M*. 
8 6 h 

xM2 = 81. 



Make 



3|" X 5". 



The weight of the superstructure will then be 

10 baulks 15' x 3 J" x 5" x 30 lbs. 
Planking 50' X 10 x lj"x30 
Railings 2 x 2 x 50 x 4" x 3" x 30 
Struts 2 X 10 X 4' X 3" x 3" x 30 
Posts 2 X 10x3'x3"x4"x30 
Add weight of girders, say 



= 507 
= 1,562 
= 500 
= 1 50 
= 150 
2,000 

4,869 



* This planking would only stand a safe central load of 640 lbs., wli 
would give a deflection of 0"2^y". If the bridge be required for cart tral 
the planking should bo thicker or baulks placed closer, as shown in dot 
line^ on Fig. 3, Plate Vlll. 



i»jr 5,000,* or ^S- = 350 lbs. jier [lanel on each girder, which must 
beaddetl to the ^ x 5x80=2,000 lbs. live load on each panel point. 

£'jtnits. — The acantiinga of the booms may be made uniform, hence B«c<na. 

-WB ncetl only take the r6i|tiiretl scantling at the place where the stress 

. maximum. This will ho at the centre, and will be = I2v.'l in the 

of the upper boom, and 12Jw( in the ease of the lower boom 

. 3). Asiorcot #=1, thcBtrossesare 12wand 12Jw respectively. 

■..[■ the upper hoom 12w= 12 x 2,350= 27,000 Iba. The length 

.iiy one panel is 60", and the safe unit stress r^ is i-°/-2 = 800. 

..e 8" X 8". This will bring the least dimension less than J the 

r.;ib (see Formula 3, p, 160, Part I.). These dimensions will he 

1^ .i'.:ti<-ient to admit of additional cross baulks, as shown in dottted 

', l.:ii-j, lo strengthen the roarlwaj-. 

'i For the lower hoom the greatest stress is 12i cwt., where ip = 2,250 
lid /= 1. Than stress = 38, 1 25 lbs., and r( = i^^=2,000. The 
t'jtion may ho Vrrnr = ^ ^ square inches. Make the tie beam double 
'I two (danks each 8' x l~. 

Tie Hods. — Tie bars (verticals) greatest stress 3^w, i.e., 3 5x 2,250 Tierodi 
^T.i^75. A r tie rod, with a stress of f) tons per square inch, will 
lUml 8,800 lbs. Therefore the end rods may be 1'. 

The next rod has to stand 2iw, i.e., 2-5 x 2,250 = 5.635 lbs. This 
will require a J" tie rod. The remaining bars may be J", since that 
dimension is the least that is advisable, 

SlnitA.^The inclined braces are all struts about 7' long. The inclined' 
£Tta test stress onany is ijwcoaec ft = 4^x 2,250 x r414 = 1 ■1,330 lbs. ^" 
Taking the least dimension us not less than 4* , = 31, and P = ^r^-A 



»l>. ICO. Part I.), .>., 14,330 = 
Tlie next stmts have a stress 



400 X A. A = 35-8. Make 6 

3Jx2,250xl-4U = n,]S0. 



The next struU have 2| x 2,250 x 1-414 = 8,000 nearly. Make 
V K 4'. 

Tlio two central panels may he made the same, The stress on 
ihfi greater being 1^x2,250x1-414 = 4,773. Make i'xi". This 
IS more than is theoretically necessary, but it would be jiracttcally 
ifudviaable to reduce tbem beyond this. 

It only remains to determine how far the contiterbrncitig should 
LU^ded. 

i wheel giiarJ aliown in drawing mijjht be adilwl. The Liinli-al rail ia 
Thu titftl weight of nuperBlrutluro wouiil be just about 5,000 Ihs. 
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The dead load consists of the superstructure as found above (less 
approximate weight of girders there taken into calculation) + actual 
weight of girders The latter amounts to for each ^rder : — 



Compression boom 40 x 8" x 8 " x 30 
Tension „ 40 x 8" x 2 " x 30 

2 braces at 7' x 6" x 6' x 30 



2 
2 

4 



»> 



>» 



7' X 6" X 5" X 30 
7' X 5 " X V X 30 
„ 7' X 4" X 4" X 30 
1" tie bars 2 x 6' x 262 lbs. 
„ 2 X 6' X 2-011 
,, 7 X 6' X 147 ... 



T 



>> 



»> 



n 



>> 



»> 



For each girder ... 
To which we may add for wind bracing and 
counter-bracing 



= 533 
= 133 
= 105 
= 87 
= 58 
= 93 
= 31 4 
= 25-3 
= 61-8 

1,127-5 

300 

1,427-5 



The superstructure weighs 1,434 lbs. on each girder. Hence total 
dead load = 1,427 + 1,434 = 2,861, say 3,000 lbs. 

The total live load at 80 lbs. per foot on each girder is 

40x5x80=16,000 lbs. 

We may draw the shearing stress diagmm for the dead load, and 
superpose on it that for the live load as in Fig. 1 ; we see that the 
four central panels require counter-bracing. 

For safety against wind, lateral bracing must be given and vertical 
bracing between uprights. Very light scantling would do for this, 
say V X 4". 

The wind pressure for the girders alone, taken as horizontal, 
would cimount to 

Booms* 2 X 2 X 40 X 8" X 30 lbs =3,200 lbs. 

Braces (taken at 6" each) 2x14x7x6^x30 = 2,940 „ 



6,140 lbs. 



acting with a leverage of 2i feet. 



♦ One surface only of the lower boom is here taken, as the two halves are 
close together. 
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JBHce tile "vertiirning inomeiil fiii- the ginJers alone would be 

= 1 S,350 footlbs. 

I moment resisting overtiiminR will be the weight of both 

k3-3", i.e., 6,000 x3J = 19,500 lbs., which is more tbiiii the 

ning moment. The calcnlation, however, hna not taken into 

ideratiun the wind pressure nmlerneath the rnadway, and on 

tateral lirai;es, hence to prevent the bridge being wrecked in a 

t it shonid be secured by iron cramps or bolts at the ends, built 

B masonry. 
be details are shown on Pl/ik- VIII. 



.\fa,jor BaCi-'f Purlahle Bridges. 
be prjnci|)le of building up a composito girder with com[Mi'utively 
component parts lias been applied by Major (.'. MeG. Bate, 
\ in the portable steel bridges which he has intiixluced for rail- 
nd other engineering work in the field. 

component parts used are shown on Plait IX. They ' 
t of 3 principal liars, viz. : — 
, a bidb angle 15' 0" long. 9" x 3J' in section. 
a bull} angle of similar section but 10' 0" long. 
\ flat bar, 5' 9" totAl length, but 5' 0° between centres of pin 
Section C^'xl", but the not section 4^''x§". Gross area 
stion i-OS square inches, but net area= 2-65 square inches. 
hcv parts are three siaes of bolts 2|', IJ", and J", with 
poiiillng washers and nuts. 

I bulb angle is unusual in structural design. In most jwr- 
metit works a diannel iron would be used instead, but the bulb 
gle has tlic advantage of occupying less room when packed in the 
i|il of a vessel for transport. 

It is iu itself weitker than a cliaunol irou as a strut, but when 
iMcd in pairs with distance [liecee this diiuidvantage disap|>earB. 
• The cross section of the S'xSj" bulb angle has an area of 
, eqiiare inches, and vertical Moment of Inertia of SO. The 
or honKontal Moment of Inertia is only S'S, hence the 

t radius of gyration (or »/ — , sec p. 1 63, Part L ), would hai'e a 
nlae of only 0'825'' if the bulb angle wore used alone. In pairs, 

■ nwM have boeii taken from Mcs' 
IS. and may pos^ililj' Ik n litLlu 
i^nlculalionH, 



Majiir B 



with a bolt or distance piece between, as shown on Fig. 1 32, the value 

of the radius of gynition will be V^^ =3-16'. 

The ^alue of the Moment of Resistance of two hulb angles thus 
placed with distance pieces, is found 

from the expression 2 x — , where r = the 

safe intensity of stress per square inch 
for steel (say 6 tons for rapidly moving 
loads), I = 80, and y = 4". Hence 

M, = 2ji6x 80 ^ 240 inch-tons. 




Fig, 132. 



On a span of 14' in the clear, or 15' centre to centre between 
bearings, this would give a total distributed load W, found from 
equating Mf 

x>xl5x 



vith M, :~ 

-' = 2+0,0 



- = 240, 



whence W= 10-66 tons on each rail, or 21-3 tons on a pair of rails. 

If the value of r be taken at 4^ tons only, the maximum distributed 
load will be about 16 tons, which is Major Bate's estimate. 

In building up tliese simple lengths into composite girders pin 
fastenings are used, arranged so as to come on the mean fibre of the 
material. The struts are formed of two of the C bars with distance 
pieces, a very good form of strut, theoreticiilly. 

The tension members are formed of one or more C bars placed 
verticallj' in iwiira, with the bnices brought between them and 
secured by the pin fastenings on the mean fibre. 

The compression booms are formed of the bulb angles A or B, 
with C bars added at the sides if necessary. 

Joints in the compression booms are covered by C bars, used as 
coi'er plates. 
'" ExAMi'LK 13. — To lake as uii e»imple the 50' span bridge sltown on 
Plate IX, FiJtd the safe load llutl ,s«cft « girder am carry. 

The maximum compression is on the upper boom and amounts to 
24J«'xcotS, from Fig. 133, which shows a skeleton diagram of 
half the truss. As fl = 60°, cot B = -57. 

The actual section consists of 2 A bulb angles with C cover plates. 

The 3 A bulb angles hare ;i total section of 16'2 square inches, 
united together at intervals, so that they may be reckoned as one 
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piece with a least radius of gyration in the direction of the depth, 
the value of that radius being 



v/lVl^r-« 



/ 



The length of each panel is 5' or 60", hence j or ratio of length 

fin 

to least radius of gyration = -—- = 19. Hence, since the safe in- 
tensity of stress in a steel column with ends fixed, and j of value 

19 is 5*29 (see p. 175, Part I.), the greatest safe stress which the two 
bulb angles are capable of bearing is 5*29 x 16*2 = 85 -6 tons. 



J^4^^^rt\f22^wt \ /S^wtj /^/^wtj ^-fkwt 




Fig. 133. 

Hence 85*6 = 24^ w cot (^=24*5 x '57 xt^', whence w=6*l tons. 
As w is the load on each 5' panel, the weight per foot run is 

6*1 

— = 1*2 tons, or 01 tons on the w'hole girder. 

5 

In this calculation the strength has been based on Table XXVI., 
Pai*t I., giving results from Mr. Claxton Fidler's formula, which 
again, is based on the most unfiivourable conditions of eccentricity 
<rf load, and inequality of material. The ratio of I \ k is so small 
that one might almost consider that the strength of such a column 
would be that of a small cube of the material, i.e.^ 7 tons per square 
inch safe intensity. This would admit of 7 x 16-2 = 113-4 tons on 
the whole section of two bulb angles, and thus W, the weight on 
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each panel, would be =9*56 tons, or 95*6 tons would be 

24-5 X 07 

the distributed load on the whole span. 

^iagonab'. The greatest stress on any diagonal in tension or compression is 

4 J w cosec 6. As = 60", cosec ^=1*15. 

Each strut or tie is formed of two C links. In tension each link 
can bear 2*65 (net area of cross section) x 6 (intensity of resistance 
per square inch of steel with a factor of safety of 5) = 15*90 tons. 
Hence two such bars can take 31*8 tons. Therefore 4jirxl'15 
= 31 '8, 21' = 6*1 3, which gives 61 tons on the whole girder as before; 

Each strut has an area (gross area of the two links) of 8 sqnare 
inches, and is arranged with IJ" distance pieces at 10" intervals. 
We may place the links as far apart as the length of the bolt H 
(4|") will allow, by using washers. By using 2|" washers between 
the links, we o])tain a total thickness of 2 J" of the strut. According! 

to Table XXVI., p.p. 176 — 77, Part I., r^ = 30 -,, where c? = the least; 

k a j 

dimension of the strut and / is the length. In this case (l — 2'5 andi 

/ = 60. Hence 

/_30x60 -.^ 
_ — — _ — — / -J. 



yl- 



2-5 



For this value, a strut of mild steel, ends fixed, has a safe stresi 
intensity of 4*63 tons per square inch. Hence the strut can bear] 
4*63 X 8 (gross area) = 37*04 tons, which must- be =4i«? cosec A| 



Hence 



3704 ^.r 
45 X I'lo 



giving a slightly larger value than 6*13 above. 

In the centre the links are somewhat larger than is theoreticallj 
necessary. 

jreifjht of Girders. 

As regards the approximate weight of girders. Professor Ilnwin^i^ 
rule is as follows : — 

W = -^XlT- 
' Cs-Ir' 

where Wj = required weight of main giider, W== total distribuU 
load in tons (exclusive of \\\), .s = stress per square inch on boom 
centre, r = ratio of span to depth, / = length in feet, C = a coefficiei 
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iDg vn' K the class of girder being 1,500 — 1,400 in plate girders, 
1,4^—1.300 in braced girders. 

far V- Lmpin's rules, see Molesworth's Pocket Book, p. 199 
'118:,.,. 

Prof<^S80' " B. Johnson gives the following rules for single-track 
tway Dr:i> 

Kate "^irders, w= 9/ +120, where Z = span in feet, i^; = dead 

load per foot run, in lbs. 
fjattt . w= 7/ + 200, ditto ditto. 

Pov „ w = 6-5/ + 275, ditto ditto. 

ab'^* apuly to steel railway bridges. For ordinary road 
idger '- • 'uld give too high results. 
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CHAPTER VI. 



Bowstring Girders and Arched Ribs. 

Economy of Bowstring Girders. — Uniform Loads. — Diagonal Bracing nec« 
with Rolling Loads. — Example of Bowstring Bridge Subject to Pas 
Loads. — Barra Bridge. — Hog-back Girders. — Arched Ribs. — Ben 
Moments. — Relation between Ef|uilibriuni Polygon Stresses at 
Section. — Braced Iron Arches. — Appendix. 

k>wHTRix<; The jjarabolic bowstring girder is the most economical fon 

riRDERs. whlch a composltc beam can bo designed, because in this forn 

compared with the parallel type, there is a minimum amoun 

stress on the web, and the material in the flanges is dispose<l to 

best advantage. 

mportance of In a parallel girder, whether of the plate type or braced, we have 

^.^^^^^^^^^ thRt the web pei*forms a most indispensable function. The fla: 

being horizontal, the vertical shearing forces can only be trausrai 

to the flanges by some inclined path, cither, as in the Ciis 

the plate girder, through a continuous web, or, as in the cas 

a lattice girder, by inclined braces. If we wore to omit iV ' id 

bars in the latter case, not only would the structure be . rfe 

braced, but its strength would be only that of a single -mge 

sidered as a beam under transverse stress. The flanges could < 

no horizontal resistance to the vertical stresses unless tJI^/^t; 

transmitted through the web or inclined bars. Hence niidei 

circumstances of load the web or inclined bracing is absoli: 

necessary in parallel girders. 

\rea of flange Again, in parallel girders, the depth d being constant, and 

^^tSiiT arrangement of flange plates being such that ?*, the stress intensit 

girders. yg^ j)ractically constant, we see that the area of the flange Avill 

according to theordinates of a parabolic curve, since Mf = m//, an( 

has its locus, for a uniform load, on a pai*abolic curve, the eqm^ 

beii\g Mf=-— {l-x) (see Part I., p. 73). 
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■fiw if wo design abtidge with an elevation on a parabolic curve, Are& of fiangu 
a that the horizontal components of the strees on the curved gOM^ ;„ )^'„. 
^ber, and the stress on the horizontal member, will be a constant, string girders. 
ig'-ro, since the variations in Mf are now mst by variations in d. 
tker, we see that, as the shearing force is measured by the 
lation of the M^ ciu've (see p. 112, Part I.) at each point, the 
I component of the stress on the curved member will meet 
I vertical shearing atress, leaving no work to be done by the 
] braces, so long as there is no passing load. 
[ Heacfl in such a bridge ii^jeet to a uniform load the diagonal W'pb unneoe*- 
; may be entirely omitted, as in Fig. 134 (I). imiVorm loads. 




Fig. 134. 



In the horizontal member of such a bridge the stress is entirely Vanoi 
iM to the thrust of the ends of the curved member, and (2), might ^^"^ 
e replaced by the thrust of abutments as in Fig. 135. This is the 
rinciple of Uu arch. 




Fig. 133. 



If the bridge have the ciu-ved member below the horizontal 
the same reasoning applies, except that the stresses are rever 
the horizontal member being now in compression, as in Fig. 
Or (4), the horizontal member may be replaced by anchorage: 
either abutment, as in Fig. 137. This is the principle of 
suspension briilge. 




Fig. 137. 



Ill all these cases the diagonal bracing has no function to perfo 
and may be omitted 

But when variations in tlic load occur, deformation in the cur 
beam will tend to take place, and this must be met. In 
bowstring girder it is met by diagonal bracing, in the arch and 
the suspension bridge by other devices, which will be iiivestiga 
in due course. 

Meantime it is well to note that with a uniform load, and unifc 

horizontal stress, the curve of a bowstring girder, or an arch, ( 

must be a parabola. In the case of a suspciu 



Curve will 
alwaya bo a 
parabDla. wi^.. 

utiifurui luod. suspension bri< 



bridge the cables, if flexible, will adjust themselves to that fo 
but the fundamental principles differ in no way in this case from 
others, and if the construction in the case of arches, etc., unifon 
loaded, diflers from the parabolic elevation, equilibrium and sal 
can only be obtained at the e.tpense of engineering economy. 
Where the loads, instead of being distributed throughout 
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■iiire length, are carried (as is frequently the case) on panel points, 

Iiame principles bold gooii, the Mf dif^ram here being a polygon 
ibed in a jiarabola (aee [i. 74, Part I.). 
m 



Bt/wdring Truss Siihjrd to a Muvinq Lund. 
Example 14. 
To trace the effect of a uniform moving load on a. (w 



truss ExiMi'LBl 



lay take that shown c 



, Plate : 



where the suiin is 50' and Bciwatringgir 

I ■, , . , r¥.i 11- ■ . r 1 <i«r Bubjeut lo 

"viiJNj into 5 panels. Iho rolling weight per foot run on each moving loud, 

^irJer may be taken at i cwt., i.e., with a 10' roadway this wonid 
irly 90 Ihs. per square foot. Thi.'t gives a panel load of 

ll)'x4cH't3. = 2 tons, and the total weight on each girder when the 
Wge is covered would be 4x2 = 8 tons (not 5x3, since half a panel 
will be borne directly at each abutment). 
iwing the diagonals as shown (DE, FG, etc.. Fig. 1), we may 
' to the investigation of the load travelling from left to right. 
2 gives the diagram, when the £i'st panel point is loaded, 
f^- 3 when the second is loaded, and soon till wg get Fig. 5, when 
thfl load covers the bridge. 

Examining these we sco that all the inclined bars are in tension, 
^ verticals are sometimes in tension, sometimes in compression, 
3iid that each inclined bar has its maximum value when the bridge 
W the left of the panel point where the bar joins the hori- 
'ontal is fully loaded, and when the part to the light is un- 
laded. For instance, DE is a maximum in Fly. 2. FG is a 
"•utimum in Fig. 3. HI is a maximum in Fin. 4. Further, if we 
«TOpiire the lengths of tho bars, and their maximum values, the 
Iwter are directly jiroportional to the former. 

If the load were coming the other way from right to left, we can 
^ that the bars DE. FG. Ill wonld be in compression. Hence, as it 
u Jtsirable to have all the bars tension membei's (ao as to avoid the 
"* of long compression bars), we insert the dotted bars as counter- 
•"^Wii, The whole of the members would now be tension, and certain 
*f liem would be redundant, according to the position of the load. 

u the load were a single one rolling across, and the structure had 
not been designed with dotted diagonals, then with the load at the 
I'lii'l point 2, the bar DE would be in compression. 

be following very expeditious graphic method is given by Mr, Mr. C[ak1 



tiion Fidler:- 

"At each end of the span AC {as i 



Fi,/. 6, I'lule X.), set i 
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the vertical lines AG and CK each = 4 times the depth of 
parabola, so that the lines GO and KA would form tangents to ti 
parabolic curve at A and C. Now let the heights AG and CK] 
represent on a suitable scale of tons the upward reactions of the] 
abutments when supporting the entire live load wh, i.e., naUa] 

AG = -^ (in this case 5 tons). Then using the same scale, the lengtk 

aJ 

of the chord or flange AC will represent the maximum stress in thai 
member. The length of any diagonal will represent the greateiA 
direct stress in that diagonal, and the length of any vertical poll 
will represent its greatest compressive stress. To find the direct | 
stress in any member of the parabolic or polygonal flanges, such 
£D, it is only necessary to continue the line ED until it intersectij 
the verticals AG and CK in the points R and S, when the length RS 
will at once measure the direct stress in the member. This very 
expeditious method will be equally applicable to the upright or the 
inverted bowstring, or to a girder of the Saltash tyi)e,** and will be 
equally correct whether the girder is divided into an odd or an even 
number of panels, and whether the panels be wide or narrow, or of 
regular or irregular widths." For proof see Appendix to this 
chapter. 

In the above it will be noticed that this graphic method gives the 
maximum amiprej^Mve stress on the verticals. In most cases, how- 
ever, these are in tension, the amount of which is not given by the 
graphic method, but it can be easily estimated, as it is usually the 
weight of i one panel of the floor + i live load + i the weight of one 
panel of the girder. 

In the example only the stresses due to the moving load have 
been estimated. Those due to the dead load of the bridge and 
roadway would have to be considered in addition. This will vary 
with the span, and can, as a rule, be approximately estimated. 

This will give us all the stresses in the bridge. These are written 
against each member in Fig. G. 
arra Bridge. Plaie XL shows the Barra Briilge on the Lahore and Peshawar 
Road (the late Major-General Sir James Browne, R.E., Executive 
Engineer) ; a good example of the bowstring principle adapted to 
timber and iron. A full description of this is given in Vol. IL of 



• Where there are two parabolic ribs, one ancrhed and the other inverte<l, as 
in the Salta8h Bridge at Plymouth, the Mainz Bridge over the Rhine, etc. 
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t Eoorixe Trtatkf irn Ciril Emjiiien-inci,* Imt the following points 

Lybe noted hero. The tie beam (10" x 16") ia under combined 

and transverse stress. Lateiul bmcing is given at 

! by rectangiilttr fi-amea. The curvature was gi^^en to the 

8 of the arched ribs by first immersing them for 8 to 10 days 

ter, then they were taken out, placed on edge before a bright 

, and oiled on both eidea until well heated throughout. 

E were then bent to the required curve by means of a rack-stick 

rope looped over their ends. 

e scarf joints in the tie beam showed a tendency to split at the 

A fish joint with straps and bolts might have been better, 
e bridge was tested by a dead load of 200 lbs. per sijuare foot 
dway. 



Here leaving the subject of bowstring briilges it may be well to 
K out that the reaaon why it la not possible to apply the Mf and 
tScaring stress diagrams, and arrange the material accordingly, as in 
■-'lIioi- cases, ia becauge the shearing stresses with moving loads are 
i'.iilly borne by the curved bow and partly by the diagonals. There 
i> no difficulty whatever in ascertaining the stresses in the bow and 
t'lL' string, the only difhculty lies in the diagonals, and in their 
use the exact determination of the actual stress in any given case 
iHiiiJd largely depend on the initial tension of the bars meeting at 
.mv one panel point. 

In the Barra Bridge the diagonals are designed for compression, 

i;i<I the verticals for tension only. The calculation would be similar 

■ rli.kt which we have previously considered, except that for any 

. I'ti rolling load, instead of considering only all bars sloping dowii- 

mli towards the load, as in Fig^. 1 to S, Pkde X., regarding the 

others as redundant, we would consider those as sloping upwards to 

^s Tertical line through the weight. In Fig. 1, Plate. X., for 

instance, the bars shown in dotted lines would be calculated for a 

v i^ht rolling from left to right, until auch weight arrived at the 

I'l point 3. 

I ri [nactice, it would be necessary to tighten up the verticals, to be 
...i<;ful about the exact fitting and bearing of the struts, and pro- 
«-ision should be made for taking up tho shrinkage of the timber by 
each meana as wedges at the joints. 



• Ktoih whieli riatt XI. has Wen copied, by perniis 
ittaUi fur India. 
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Advanta».>s To sum up, it may be said that while the theoretical advantagti 

and duiaovan- r i. a • i, • j j. • i. j.i. r i ' 

tagesofljow- of bowstring bndges are very great, owing to the very sligl 

Btnng bridges, variation in the stresses, there are certain practical disadvani 

arising from the necessity of more careful workmanship and fitting! 

the joints, and from the difficulty of lateral bracing, which hn 

made the adoption of this form of bridge less frequent than it mi^ 

otherwise have been in railway construction. For road bridges c 

timber the above disadvantages do not, relatively, produce so ma 

effect as in iron or steel, and the type is, therefore, one which canb 

economically applied to timber work. The depth is usually in railwi 

bridges about ^ of the span, but in very wide spans greater dept 

would be economical. 

Hpfif-lMick Intermediate between the parabolic and the parallel ginlei 

■^"^^^'^ there are various designs in which one flange is more or lei 

curved {Fifj, 138). These are common in railway construction, an 

the investigation of the stresses is carried out by methods alread 




Fvf, 138. 



described. These girders, usually called "hog-backed," hiive 
greater Hangc stress at the ends, but less stress in the bracing, tha 
parallel girders of the same depth. When compared with pai*al)oli 
girders of the same depth in the centre, the flange stress is less a| 
the ends, but the stress in the bracing greater. 



Arched Beams. 

Archodboams. The thrust of the bow in the foregoing investigation might be m( 

by the resistance of abutments, as has already been pointed ou 

Thi? principle results in the construction of the arch. 

Value of As ^^"g ^ ^^^ ^^^^ ^^ uniformly applied along a horizontal linj 

thruet in aich. ^i^^^^jj^^r above or below the parabolic arch, the horizontal compouea 
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H of the thniBt at all parts is uniform, and is equal to — , , where 

.- ifi tho weight, per unit of length, / ia the span, and tl the rise. 
The actuul thrust at any point will be H sec 6, where 6 ia the 
L:i'.rle of itidinatioti to tho horizontal of tho tangent to the curve at 
■.'If point in question. 

The actual design of the curved metal rib would then he according 

L to the principles for struts, UeuaHy the material is arranged in 

I Ibuigcs, as in the case of a beam under transverse stress, not only 

* because this is a good form of cross sQction for a pillar, but because 

1 hero are liemling moments, as we shall see, to be resisted, 

Where the uniform load is very great in comparison with any 

:.,Li*ing loads, e.ii., in the case of a highway bridge such as that over 

i:ic Medway at lioehester, it is unnecessary to consider the effect of 

ii.insversc stress, but where the passing load is considerable, special 

iirarigement must bo made to prevent deformation, and to meat the 

I n^yin metrical stresses brought into action. 

When the weight over the arch is uniform we have seen that H, 

I the horizontal component, of stress in the rib = — , = — r. By a 

I kimilur process of reasoning, if there be a weight W in the centre 

L producing a Mir of — - , the value of H due to that weight will be 

Similarly, no matter how the arch is loaded, we can find from 

B value of the M^ the value of the horizontal reaction at the abut- 
J~ments. 

There is, however, this assumption in the above, that the arch at A 
the abulmenLs ia not fixed, but free to turn so that the resulting [, 
thrusts will pass through tho aids of the arch. This in not always 
done in practice, though if the arch is not constructed with hinged 
or rounded bearings the question becomes extremely complicated. 
Still further complications will be produced if, as is almost invari- 
ably the case, the elasticity of the material varies throughout the 
rib. 

Hence elaborate mathematical investigation applied to a fixed arch, 
itngcd neither at the springinj:; nor the crown, can only be approxi- 
ii.itely true. The full investigation of this subject involves the 
'i>n.M(Jeration of the deflection of curved beams, which also depends 
on uniformity of elasticity. For present purposes wo may consider 
I the elasticity uniform. 
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Rtlaiinn. between the Fitnieiiiar Polygon and tht Stresses at any Serlimtf 
aj> Arch. 

If the Mf curve produced by any loading on the span of the giwn 
arch corresponds with the ctirve of the arcli, there will be no sCre^ 
in the arch other than direct compression, juBt as in a flexible caf( 
capable of adjusting itself to various loads, there is no stress otW 
than direct tension. II the arched rib wore, like a cord, capable ot 
adjusting itself to 'e would be no cross bending 

produced, but if, a le, it is incapable of doing m 

(within certain lim jending induced in the rib, ai 

well as direct comj, use tehtre Ih^- Mf i^ne liofs «d 

coincide u-ilh llieruivi . To find the ainouut of thi« 

bending stress we )ws ; — 

On pp. TO, 71, I 
Mf at any point of a 
at the position of the p 
the polar distance. 

Let Wj, ifj M'j, {Fig. 1.39), be a series of loads acting on ■ 

Btraiglit line supported by a parabolic arched rib. Let Fig. UO 
represent the polar diagram where the polar distance 0,r ia taken. 



nann's method of finding the 
arms of the vertical intercepted 
1 in the funicular ]jolygon, anil 




on the scale of loads, representing the horizontal component of 
atres8= -,- = H, (As we can take the polar point anywhero, we 
may give the polar distance any definite value). Draw the funicnUr 
polygon starting from the jmint A (similarly to that described on 
pp, 70, 71, Part I.). If the polygon corresponds with the form of 
the rib there is no bending stress anywhere, for, from Cultnann's 
priucipie, at any point €, Mf = CD x 11. 

But Sf the polygon does not correspond with the rib, but if it 
CD', than the moment excited in the arched rib will manifestly 1 
the difTeVence between the Moment of Flexure produced by tl 
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force and the Moment of Resistance supplied by the form 
of the structure, i.e. — 

= CD' X H - CD X H = H (CD' - CD). 
In other words, the bending moment at any point of an arched rib i» 
proportional to the difference between the ordinates of the rib and Of 
^e funicular polygon for the loads on the arch. 




Fig. 140. 

Pig. 141 represents an enlarged portion of any part of the rib in 
Fig. 139- T represents the direct compressive stress in the rib, E 
the stress in the funicular polygon, be the direction of the side of the 
polygon. 

6 it 




Fig. HI. 



In addition* to the direct thrust T {Fig. 141), and bending StreswHon 
moment Mf, there is a shearing stress S on the arch. If a is the ^^ ^ " ** 

* From Prof. Johnson's Modern Framed Struciwreft. 
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angle between the side of the funicular polygon and the tangent 
to the neutral layer (Fig. 141) and R the stress in the funicular 
polygon at that point — 

Rcosa = T (a), 

E8ina = S (J), 

and we have seen that 

Rxz = U{ (c). 

Thus the thrust, shear and moment are readily found if the 
funicular polygon is drawn, and the design of the section can be 
made accordingly, the rib being either a braced beam, or built up- 
with flanges. 
Arch hinged To find the funicular polygon, however, we must know the 
and^" crJyJra. niagnitude of H and the direction of the abutment reactions. Hence 
it is desirable to have the arch hinged both at the springing and at 
the crown, both because we ensure by this method that the directions^ 
of the relictions shall be ascertainable, as they will pass through the 
hinged crown, the abutment hinges, and some point on the line of 
the load at any given point, and also because by this means we " 
provide for expansion and contraction under changes of temperature. 
In such a case the drawing of the equilibrium polygon for any 
load such as P {Fig. 142) is simple, for the arch being free to tura 

K 




^ 



Fig. 142. 



at A, B and C, the moments there must be equal to 0, and th 
thrust produced by P at B must be transmitted through C. Th< 
right half of the arch BC is acted on by two forces only (neglecting 
the weight of the half-arch itself), viz., the pressure of the left haU 
at C, and the abutment reaction at B. As these hold the half arcb 
in equilibrium they must be equal and opposite to each other. Henco 
if we join BC and produce it to meet the vertical through P at K 
and join AK, we have the polygon. 
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The stresses for any part of the rib can then be fouhd by the 
principles pointed out above. Analytically the stresses may be 
foand by the ordinary methods of moments as follows : — In Fig. 143 
let ACB be the rib, then if V^ and Vg be the vertical components of 
the reactions, c = half span, d = rise, and h = distance of load P from 
centre C measured positively towards the right — 

v.=P^ («). 

«nd V, = p(^'^) 03). 

Taking moments about C we have for loads on CB, H x r? = V^ x r ,. 

^ d ^"^ u ^^^' 

Similarly for loads on AC 

H=p(^±l^ m 

The components of the reactions can thus be computed for each 
|l(Md and the results added. Graphically the components may be 

ind by making {Fig, 142) KL = P on any scale, and drawing LM 
[pMallel to KN, and NL parallel to KM. Draw MR at right angles 
[to KL, then MR = H and KR, RL = the vertical components at 

and A. The reactions being known, the stresses can be found by 
ordinary method of moments. 




Fig, 143. 



le rib will therefore be under combined stress except at those 
where the Mf=0, i.e.^ where the funicular polygon cuts the 
axis of the parabolic rib. As these points where the Mf=0 
Tary for various positions of the load, it will be necessary to 
[er the whole rib as, more or less, under combined stress. 
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Under certain circumstances of load the rib will be under negative 
bending stress, i.e.^ there will be tension in the lower and compression 
in the upper fibres at a given section. Under other circumstances 
of load the same section will be under positive bending stress. 

Other classes This is tlie general method of ascertaining the streses in a 3-liinged arched 
of arched ribs. rib. This ia the beat form of metal arch for cases where the moving load 
coming on the arch is small compared to the dead load. Where the span is 
comparatively small, and the live load bears a large proportion to the dead 
load, the 3-hinged arch is unusual. There are two other classes of arch which 
are used, either (1) without hinges altogether, or (2) with hinges at the 
abutments. Into the full investigation of these it is not intended here to 
enter, because the subject is not only complex (as pointed out above) bat 
because it is at best approximate. It may be sufficient to point out that in 
(1) the reactions do not pass through the springing of the arch, and at those 
points there will generally be some bending moment. In the case of (2) the 
reactions pass through the abutments, and the locus of the point K (the inter- 
section of the direction of reaction for any load at any point) is found from the 
equation 

.S2c^ 

^"^ 25c-'-56«* 

bf r, and d having the same values as before {Fig, 144), and yo being the distance 

of K from AB.* 

At the centre 

fc=0,yo = H. 
At the ends 

b = c, yo = iid. 

The curve produced is shown on Fig. 144. 
Taking moments about C, and then about A, — 

And H:Vi::c-6:yo, 

yo 2ryo 

Hence the components of the reactions duo to any load can be computed, and 
the funicular polygon drawn and compared with the actual form of the pro- 
posed rib. 

The value of the moment, mentioned above, viz. : — H (CD' - CD) is a 
perfectly general one, and applies equally to arches which are hinged, and 
those which are not hinged. The difficulty is to find the value of H. 
Although this is easy enough in the case of uniform loads, it is not so simple in 
the case of passing loads ; it must in such cases be considered for varioof 
positions of such a load, and the effects produced under such varied circum- 
stances considered for various parts of the rib. Without drawing polygons for. 

* The proof of this Ls given in Professor Johnson's Framed Strictures. It is 
;Mmewhat lengthy, and is omitted here for that reason. 
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Mr. Clapton Fuller has patented an arched rib, hingeil at the springing and Mr Fidler'* 
a^rlt, ol the form shown in Ky. Hfl. From the springing to crown, each '^'^''^ "■'■ 
If rib IB t^ parabolic girder, of which tlie central depth is about ^ • 1^0 

■^jgbt line AB is a tangent at B to the parabolic arc BC, and the neutral 
is of the two ribs is a parabolic curve. 




Fiff. H5. 



Tbia >* * moat economical form of 3-hinged arch. Inverted it becomcii an 
inkllr eoonomical suspension bridge. 

"ne horizontal stress on either rib (or a unKormly distributed load of ic [ler 
nit of length over the whole Bimn is 
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For live load td distributed over the half spaa /, 

There is no stress in the diagonal bracing for either of these cases. 



Braced iron 
urches. 



Braced Iron Arches. 

" Braced iron arches are those in which the arch rib and horizo 
rib are connected together with diagonal bracing. In order 
determine the stresses on such an arch it is assumed to be pivot 
at its crown and springings, so that each half arch with its braci 
forms an independent frame or girder. Arches of this kind 
frequently made without these pivots or hinges, but with sb 
abutting surfaces instead ; the smallncss of these surfaces as c< 
pared with the other dimensions of the arch practically constiti 
the arch a hinged one."** 

In the braced arch in Fig. 146, with a weight W in the centre, i 
directions of reactions pass along the dotted lines AB and ] 
Draw B6 on any scale representing W, and hb^ and hb^ parallel 
the reaction lines. This completes the parallelogram of forces 
the apex and gives us the magnitude of the reactions. The verti 
and horizontal components of the reactions can at once be obtaii 
by drawing a horizontal line ftj, h,^. 






/ • 




If the weight were not at the centre, but at some point such as 
the reaction at the right abutment must pass through the hinge at 
so if wo join BC and produce it to the vertical through Q at t 



* Anglin, DeMgn of Structures, 
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point C, we get the right ulintment reaction, and joining cA we havo 
the left abutment reaction. Drawing the parallelogram of forces aa 
Iwfore we find the magnitude of these reactions, and the values of 

■ the vertical and horizontal components. Tiie latter, it will be 

1 observed, are equal. 

I H.iving found the reactions (due to all weights on the arch), it is 

L'«uy lo draw a stress diagram for the braced arch by the ordinary 
•vstrtm, or to ascertain the stress in any member by the method of 



V TtUT Mr. Claxton FiDt.ER'a Gbaphic Method of beprbsentinu 
•Bx Stkissss in a Bowstkino Gikdisb, subjbct to a UsiTwrsi RoixiNii 



The point to bo pcovod ia, thut if the variicaU from tho Hnda of the girdor, 
G, CK, rupresent tlie reactions A"'/ (where in = the load per unit anil 
kleugth in the unic units), then R.S roprescnts on tho natae acalii the oom- 
nTGdtreae on El>, and the length of any bar such as FD repreaenta on the 
BUrale tbft greatestr compressive flCresa that wi!l conic on that bar in the 
ftge of the load in either direction (see Fig. 6, Plate X. ). 
; ii evident, from the prineiple of the triangle of forces, that if AG, CK 
'MRit the end reactions, then CG ami AK must represent the thrusts of 
tnds of tlie curved rib. AC most represent, similarly, tbe horizontal 
iou it) the string. AC must also represent the horizontal component H of 
k» flange itrcra, since that is st atl points cixuhI and opposite to tbe tension in 
bf Itnog. Hence AC also represents liiu thrust in the rib s.b the highest part. 
Th« vertiuil liuca AG, CK therefore are tbo loci of the ends of the lines 
DJicaling the rib stresses. Hence tho stress at any intermediate point 
be found by drawing n tangent nt that point, and meosuriug the length 
Ken'cpted between tbe two verticals. 

9o lar the truth of tlie propositiou is evident, bnt it ia not so clear why the 
ngtfa of each dii^onal bar represents the maximum compressive stress on 
is, howeter, clear that if we cun prove that tbo horizontal component 
( the slrKHB in sucb a bar ia eqnul to tho horizontal tensioo in tbo string, 
liriileil by the number of panels, then tbe actual atreaa in the bar will be repre- 
taled by tho length of the bar itself, aince that length = panel length x sec 8, 
tielng thft inclination of the bar to the horizontal. 
Tbv pruof of this is based upon two theorems, which have been previously 

I. The horiicnini stress produced in thcfiange orhoomol any girder by any 
Hilf tlw MfTileptb of tbe girder. 

t Tlie horixontal component uf the stress in any punu! of the "v6 bracing 
■ My girder is = the difference Iwtweon tho horizontal llongo stresses in the 

itions of the llanges or booms joined by that bricing. 
Tlma wp may tabulate (as in Lathom's method, see page IIS) the Bange 
I in any ginler subject to aiiy given rolling load by considering the 
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calculated value of the M^, and dividing by the measured depths of tl 
at successive points. 

Having obtained thus the flange stresses, we can next write the h 
components of the web stresses by taking the diflerence of the amoun 
in the first table. 

In the case of the parabolic girder, subject to a uniform load as in . 
it will be found that the horizontal component of the web stress in a 
greatest when the whole of the panels on one side of it are loaded, a 
the other panel points are unloaded. The amount of such stress will 
to be equal to the total H (horizontal flange stress) -f number of panel 

In Fiy. 146a let the greatest depth = 1, the panel breadth= 1, and 
load = 1. Then from measurement of the four verticals in the 5-panel 
the lengths are 0*64, 0-96, 0*96, and 0*64 successively. 




Fig. 146a. 



To find the horizontal flange stresses, we have to find the M^ w 
panel point is loaded by the load = l, and divide by the depth at e 
point. 

(1). When the Jtr-it panel point R v< loaded vnth load = I. The re 
A =0-8, and at B = 0-2. The M, at R = 0*8 x 1 = '8, and the length I 

Hence horizontal flange stress at C = 0*8 -=-0*64= 1 •'ioO. 

l) = (0-8 x2- 1 X l)-^0-96 = 0-625. 
E = (0-8 X .3 - 1 X 2) -f 0-96 = 0-417. 
F = (0-8 X 4 - 1 X 3)-^0•64 = 0•312. 

(2). When the jxinel point S is loaded, tht other points heintj n\ 
The reaction at A is now 0*6, and the Mj at R = 0'6 x 1. 

Hence horizontal flange stress at C = 0-6x 1-r 0-64 = 0-938. 

D = 0-6x2-f0-96=l-2i>0. 
E = (0-6 X 3 - 1 X 1) -f0-96 = 0-8.34. 
F=(0-6x4-2xl)-r0-64 = 0-625. 



»> 



»» 
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In like manner, by considering the load at T, and then at U, calcu 
Mf at each panel point, and dividing by the depth, we get the 
table : — 



WlAmnruj the HorizoidtJ Flaiiije Slreatf in a Paraholir Oirilrr of B pant!/', 
each ofle«'jlh = !, and loaded vilh panel loadu each = l. 



km 


™' 


Btreniit 


eI" 


™' 


,. 8 
.. T 


1-250 
0-9.18 
0-625 
0312 


0-fi25 
i-260 

0-833 
0417 


0-417 
0-833 

1-250 
0-B3S 


0-312 
0-625 
0-938 
1-250 


Tml. ... 


31-J5 


3-123 


3-125 


3-125 



Ibg greatest horJEonta] atross produced by tlit) pnsaage of tlie loud is a 
rtnl throughout the girdar, and is equal to 3-125, whioh ia the sama ai 
tannii in the string, and= — ^. 

Til find the web stres.^eB w» tuka the itilTuronce uf the flange stresses in 
iIjuvc ublo. Thus, to find the horizontal component'of the web stress ii 
lonci 0R8I), wa take the difference betweeu the horizontnl fianga alrei 
.H andthnt in CD, i.e., - 1-250 and + 0625= -0-82,1, when the load in i 
i'liiiiUrl]', for thnt position of load, the horllontal component uf web stre 

' Mat[ DSTE is the difference between the horizontal flange stress ii 
(liM in DE, I.C., -0-62H ftnd + 0-417= -0-20S. 

Ii' like manner we oaa (ieduce from tlic former tabular 



Tililt fjjam'njf the Hori:ontal Sitihs in eaeh I'nni 
Oirdtr uf 5 pandt, aiiiltr rondilioiiK a 





Panel ca. 


Panel DT. 


,...,„. 


At R 

.. s 

„ T 

.. u 


-0-625 
+ 0-312 
+ 0-208 
+ 0105 


-0-208 
-0-417 
+ 0-417 
+ 0-208 


-0-1115 
-0-208 
-0-312 
+ 002fi 


Total. ... 


-0-625 
+ 0-025 


- 0-025 
+ 0-625 


-0-625 
+ 0-625 



'rum this table wo see that the maxinium horizontal n-eb Btrees, either 
-■■i'ivoor Degntive, iHBconsteiJl, and is equal to 0-623. But. since the ton- 

n the string is 3-123, the horizontal coiuponeut of the wob atrass bears to 

■iie ratio of 0-625:3-l2, or 1:5, wbiob is the ratio of any of the panel Iwigths 
'-. KS, etc., to the whole length AB. Since AB represents on the graphic 
'-'I'Uii the Mtal tension in the string, AR, HS, etc., will represent, un the 
'■■'• h«Ib, the horizoQlal compouentB of the wub stresses, and RD, SE, etc., 
' 'ii 'tprwenl, on the same scale, the actual streHs on the inclined bars. 
Kj this graphic metboil, the stresses on u parabolic girder oan be ofcertaineJ 
maro easily than in any other otsss of liriilge. 




Advantages for Military Work.—DiBadviuitages. — SLresa in CaU«: 

Loud. — Positinu uf Maiunnm Shear and Bending MomeoM.— i 
and Pull on Anchorage. — Methods of StiReninK Ruadva;. — H 
BtiiTenini; Cables. — Detuila of Construction. — Appendices. 

Thk advantages of Buapension bridgoa in purely military op 
need not here be dwelt u))on. Many examples in recent cai 
have proved the value of this form of structure for the pa 
ravines and rivers, especially those with swift currents 
mountuinous countries. The advantages of adaptability ' 
spans, facility of erection, cheapness and portability of the in 
which have made this form of bridge so important in ; 
operations, hold good also where permanent bridges h»v 
erected for onlinary roa<ls. In the hill roads in India this 
bridge has been very lat^ely used. 

The reason of the nscfulnese of this class of bridge will bs 
apparent when we consider the following facts stated by 
Professor Fleming Jenkin, of Edinburgh University : — 

"A man might cross a chasm of 100' hanging to a steel wirei 
diameter, dipping 10 feet; the weight of the wire would be V. 
A wrought'iron beam of rectangular section, 3 times as dee| 
broad, would have to be about 27° deep and 9" broad to ci 
and Us own letight. It would weigh 87,500 lbs. The ei 
difTerenee would not exist if the beam and wire had only tha 
carry, although oven then there would be a great difference il 
of the wire ; the main difference arises from the fact that thi 
has to carry its own weight. The chief merit of the sui 
bridge does not, therefore, come into play until the weigh! 
rope or beam is considerable when compared with the plafe 
rolling load; for although the chain will, for any given ] 
lighter than the beam, the saving in this respect will, for &ma] 



'■' more tUiiii conipeusatod by ihe oxpensa of tha anchorages. In 
liif:c spans the advantages of the suspension bridges is so great that 
'I- find liridges on this [jrinciplo of SOO' or 900' span constructed at 
'iiiwh less cost pei- foot run than girder bridges of half the span." 

In mountiLiu gorges the suspension bridge principle is sometimes 
''"■ "lilt one that can be ndojited, owing to the great expense that 
'■■'>iiltl be entrtiled by the construction of picra for girder S|ifina of 
nmiierato length. 

Thfl disadvantages of this form of structure are : — Disadviw- 

I {1)> The suspension bridge is peculiarly liable to the destructive 
f wind from beneath, lifting the structure suddenly and then 
JDg it. As the wind in mountain gorges is often of peculiar 
E itructures exposed to its action should be designed with 
1 reference to such uplifting eH'ect. In addition lo this 
J efTect, lateral oscillation is produced by the wind and must 
rdad against. 

~ mt of rigidity in a suspension bridge is another very 
b disadvantage. This is the reason why it has not been applied 
I span railway bridges to a greater extent than bas actually 
the case. Any heavy loads passing over the bridge tend to 
leformation, loosening of joints, and excessive load stresses ; 
I tendency is increased with increase in the velocity of the 
ids, and with synchronous impact, 
ue design, therefore, of suuli bridges attention must be specially Paints to 
— (i.), to the arningements for stiffening the entire stnicture, 3^^^ 
I, to the resisting of wind stresses. 

Hmateriala for the cables mny be either — (1), steel wire rope ; Wiivrutw 
e lashed together in gilii ; (3), iron or steel links 

■a Tojje is, in civilized countries, very suitable, as it is both 
ing, anil easily applied. But in out-of-tho-way regions it 
t to transport it. 

"1. gives the weights and prices of steel ropo manufactured 
I. BulUvant & Co., Mark Lane, London. 
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Table VI. 



Table of Sted Wire hawsers sold by Messrs. BtUltvani <& Co,, 72, Mark Lane, EM 

weights and 
prices of steel 
wire hawsers. 



Size, 
circum- 
ference, 
inches. 


Weight per 
fathom, lbs. 


Guaranteed 

breaking 
strain, tons. 


Price. 


Eqxialto 

tarred 

hemp 

hawser. 

Inches. 


Diameter of 

barrel or 

sheave round 

which it may 

be worked. 




90 fathoms. 
£ s. 


120 fathoms. 
£ s. 


Remuki 


6 


33 


88 


52 10 


70 


19 


36 




H 


28 


74 


48 


64 


17 


33 




5 


23i 


64 


39 10 


52 10 


15 


30 


o 


44 


15 


39 


23 15 


31 10 


13 


27 


1 

■4 


4 


11 


33 


19 10 


26 


12 


12 


s. 

Is 


3i 


9i 


26 


16 5 


21 10 


11 


21 


atJi 

IS 


3i 


8 


22 


14 5 


19 


10 


19i 


2® 

^0 


3 

2J 


7 
54 


18 
15 


12 10 
11 


16 10 
14 10 


9 

84 


18 
16i 




24 


3| 


12 


9 5 

7 5 


12 5 
9 10 


74 
64 


15 
131 


it 
a.? 

9 B 


2 


2| 


7 


6 10 


8 10 


5i 


12 


i 


IJ 


2 


5i 


5 5 


7 


5 


lOi 


14 


If 


4 


5 


6 10 


4 


9 


A 


n 


1 


2i 


4 10 


6 


34 


74 




1 


f 


li 


3 15 


5 10 


24 


6 





Wire in 
bundles^ 



Telegraph wire stretched and lashed together in bundles has be( 
most successfully used in the Himalayan Bridges by Capt. ai 
Brevet Lieut.-Col. F. J. Aylmer, V.C., E.E. The wire can be ma« 
up in coils of no greater weight than a man can carry. T 
advantage of this in remote districts is obvious. 
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aFribourg Bridge (Wi/M XII., XIII., XIV.),erected about 1835* ^"^^f 
tmt a span of 807 feet, is a notable instance of thia method of con- Manufncton 
itniction. Each main cable waa formed of two bundles, each 5J" in "f ra»ii 
diameter and composed of 1,056 threads of wire J-12" in diameter, 
Ths ultimate strength of all the cables waa :»,500 tons, with a grosa 
area of abotil 48 aijiiare inches. At every two feet the bundle was 
firmly bound round with wire. In approaching the piers the two 
ctbles on each side of the bridge graduitlly spread out and unite into 
one flat band of parallel wires, which in this form passes over the 
three friction rollers on the top of the pier. The coils of wire as 
delivered on the works weighed from 18 to 20 lbs. After delivery, 
if found to be without defect, each coil was immersed during two 
lioarstwo or three times in a cauldron of boiling linseed oil mixed 
mthasroall quantity of litharge and soot. The coils, after being 
dried, were then rolled on wheels about 16 ' in diameter, the ends 
«f one coil being spliced to another until a drum waa filled up. The 
fomiiig of the wires into cubleB was then carried out. Each of the 
four auapending cables was composed of 30 strands, vie,, 12 with 56 
inrefs, and 8 with 48. A block of oak b {Fig. C, Plaie XIV.) was fixed 
upon a low frame,and firmly retained in its place, the curved part being 
protected with sheet iron. At a distance of 614' from it (equal to 
tuU the entire length of the cable), two other blocks a and c were 
plKed, from each of which projectefl hooks to receive the ci'uppers 
»iiich terminated the strands. Throughout the distance of 614' 
tnnsverse cj'lindera were placed to support the wires. 

To stretch the wire, one end was listened at a and being passed 

through one of the cruppers, was carried off in a cart bearing the 

feel. It waa thus unwound, thou bent ronnd /', and there given a 

tfiuioti of 220 Iba., by means of a coi-d jiassing over a horizontal 

''^'milcr « and f2 at each end of the walk and having a weight of 

' ' Ups. attached. After passing round 6 the wire waa taken back 

'. pusod round the cruppei- there, and subjected to the same 

iM'in OS the other length. This operation being continued till the 

-"111 of the wire was reached, that end was then united to the first 

ifiread temporarily fastened to the block a in commencing the 

' A metre iixKlem iiiHtuniie o{ a nitFi|)i!i]aion lii-iclge, whoao calilea are Entirely 
uiiu« boanil up, ia tlie magniliuonl. luirl^o cunncotiug New Ydrk and 
'^)yri; spuu 1,600', with -1 r.ahXce cnc\\ with u,tlOO wires, mid witb a total 
iiit,:r of liS-73" to each cuhle. The iXetaWn of the ooiistniotion of these 
■ iciuld not be aacui'titincil hy the writer, and it ia conaiileml that poaaiblf 
MMniiBtion about tlie Frihourg Bridge, old fitsliioned though it Ja, may 
ijji be eiiualty useful to Ibose for whom thia book ia iatended. 



forOhii. 
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operation. T!ie two jiai'ts of the strand near tlje crupper were ti 
l>ound for .1 length of 18' by n spiral ligature. In addition to tl 
toin|>orarf ligatures were bound round the straod at 3' or 4' inten 
and these were not removed till the strands were alwut to be ui^ 
into one great cable. The etrand thus bound together waj 
with a coal of the same oil varnish through which the wire 1 
already iiassed." 

This procedure is hero given in detail as it may possibly be ot 
W offioors who have M> carry out similar work in inaccessiUfe n 
Tho detail of the construction of the mooring cliains and suapeoi 
rods will lie described later. 

The following is the specifictition for a suspension bridge of I 
span recently constructed over the Ohio : — 

Tlie wire used in this bridge for the cables to lie No. 6 B.V 
Tho idtimate strength of the wire shall bo 190,000 to 205,000 
per square inch, iu elastic limit 95,000 to 100,000 lbs. | 
inch. A variation of wire will be allowed of 0006" in the lengi 
one wire. All wire as soon as mude must be passed througl 
approved preparation of linseed oil to protect it from oxidatioa 
the wire is tosted to destruction, an elongation of not less t 
3 per cent in 12" shall be allowe<l. The wire shall also be cap 
of being wound round i' rod without showing signs of cracks. 
wrapping wire shall be No. 10 ordinary soft wire of 80,000 
idtimate strength, and the cable to be properly wrapped 1 
wrapping machine. The cables shall be adjusted to a height 
directed by the engineer, and to be mode of seven strandi 
parallel wire of .t5 square inches net section. One wire out 
stock of 40 may be tested for tho acceptance or rejection of the 
Tho strands to be laid on a wooden platform and one coat of pi 
applied before its erection, and kept as clean as posaible. All strt 
must be made under strain, well adjusted, and have a fixed lei 
given by the Eiigineer and checked by tho guide wire. After 
cable is wrapped it shall get three good coats of paint. ^ 

Iruii or sicel roda or bars linked at intervals are frequently used »" 
cables, and the suspension rods are hung from the same pins that 
join the links in the main cables. In this construction the joints ai0 
obviously of the greatest importance. 

Temporary suspension bridges may be formed of hemp roiies, 
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I, twisted cables of twigs, etc., biiL the uao of stich expedients 
Mom not come within the limita of this work. 

The nrrangetnenta of the nuiterials above mentioned is such that 
the cables are Hexihle and adjust themselves to the load. Mr. 
(Haxtoii Fidler has, however, pointed out that instead of employing 
a flexible chain with a rigid roadway, it is possible, and tn every 
way more advantageous to make tlie curved chain or Hb rigid in 
itstlf. When the chain is flexible and adjusts itself to inequalities 
of load, the flexibility prevents any moment of flexure being 
[imUiced in the chain at any point, and the stress on the chain is 
pHii! tension. But when the chain is rigid the form given to it 
must he such as to resist th.e moments produced by all inequalities 
of load. How this is to he done will bo demonstrated presently. 
Mi-aiHime it may suffice to eay that in connection with this, the 

: .;<Tia1 U> be used will bo steel, or ii-on, in jjlatos, angles, bars, etc., 

1-1 ill the same way as in a girder bridge. 

Thtortlica! Coit^iieratioim. 
Mi^i the oiirvo of the siupeiuioii tliainH is a parabola* raailily foUowB from Tbanretiud 
Miiiniloration of it« being the inverted form of the hoWBtring bridge as *" 

^> iiHiuitnttnl in the lust Chapter. A separate proof is given in AppvndU I. 
I" iMk Chnpter. The hurizontal corapotient H of the stress on each cable al 
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'iri- IT is the dead weight, and p Uie tivo load, per imit of length uF the 
'' It' bridge uniformly distributed all uver, u is Lbo apaii and d the grKateat 
■ii' The length of any miBpcnsion rod g hmn a point on the curve distant x 
Iramiuie miiipart to the (hori:Et>ntul) tangent at the lowest point is 
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DefiffK of Stiffening Girdm. 



1 






The tendency to deformation in the cables caused l>y |iasaag 
loads, which ig one of the chief oiijections to the suspenBion bridgt, 
can he obviated by the use of a stilTening girder to carry the road- 
way, the function of which (vifl be to distribute the passing I.«ii 
equally on the cables. The Mn of such a giixler will be -^ ami 

the positions of this M^ will be at ]>oints ^ of the distance of ibe 
span from the piers. The maximum shearing stress will be 

^, and will bo at both ends ami at the centre. 

Hera J}'' weight on both cables per unit of length of spnn. 
a = span in same unit of length as taken for p. 

For proof of the above values, see Appendix If. 

It is usual to make tlie booms and bracing eijually strong through- 
out. It must l>e remembered that as the Mg may be either positive or 
negative, the stiffening girder should bo designed so that the booau 
nay take either tension or compression, and as the shearing strw 
may be positive or negative (the head of the load being alwaya > 
point of con trail exure), the girder should be counter-bracod through- 
out. 

Since the mitximuni shcctr occurs at both enils an<l at the centre, 
itnd the M^ at the J points, it is necensary to make all the dimension^ 
to carry those stresses, thus making uniform sizes throughoit' 
the entire truss. 

The doa<l toad being entii'ely suspende<I from the cable, tl»* 
amount of the shear in the girder is not affected by it. 

The design of the stiffening girder is thus reduced to simple p 

portions, the M^ being ^^ , and the raaxinium shear -£? . 

■hich may also form a convenlcr* 



■i 



: truss, n 



usual design is a Hoi 
parapet to the bridge. 

The roadway girders must be anchored down at the abutment* 
because the ends would otherwise rise under certain positions of the 
load. 

As an illustration, we may take the following : — 

Example 15. — Umgn a stiffening girder for a susptnaion bridge toitk 
aa^in of 100', weight per inch run, 35 lbs., width of roadway being hftd. 
Timber deodar. (Fig. 147). 

This would be a bridge for a road for pedestrians and pacV 



Kiiimals, such as is common in the Himalayas. The side milinga 
may be 4' high. 

Here p-35, a= 100 x 12= 1200 inches. 



" 108 



108 



= 466006 inch-ll 



Using the aide railing as a stiffening gii'der with a height of 4', and 
Ulnng the safe resistance to crushing of deodar at 800 lbs. per stjuure 
inch, we have 

M9 = M, = ni(i-300xax4y 12 

or a = — — ;-: = 1 1 'G inches. 

48 X 800 

Hake 4" x 4", which would do for both booms." 




Fiy. 147. 



.Ji» wction being 16 BijUBre incliei ami tile Icngtli between any two 
n <TrtlnUs beiug 4' (see Fiy. 147) we have i-atio f:<i = 12and EqualioD (3),p. 160, 
' M I,, iiit timber coliiniuB ))econies 

P=Sf--A = 6e6x 16 = 10656 lb«. 
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The braces have to take mazimum shear, i.e. — 

pa ^3^1200^2525 lbs.. 

which, for a bar at 45*, becomes 2625 x 1-414. 
The inclined bars will be 4 x 1*414 = 5*6', say 67'' long, and thr 

least dimension will be about 3". Hence j = 22 and P = ^ r^ A {s» 

p. 160, Part I.). I'c being 800, A = ''- = 9*3 square incbeSr 

Make 4" x 3" and use f " iron rods® as verticals (see Fig, 1 47). 
If the span and load be such that timber is not suitable for the^ 
stiffening girder, and steel has to be substituted, the flanges or 
booms should be designed as compression bars, of T or L iron, and 
a high factor of safety should be taken on account of the reversal of 
stress. 

Plate XV. shows the suspension bridge on the Chakrata Boad ot^ 

the Jumna, designed by the late Major-General Sir James Browne, 

B.E., in which the principle of the stiffening girder is very clearly 

shown. 

FriixHiiv If we apply these rules to the investigation of the stiffening girder 

l^ent^in *^ in the Fribourg Bridge we shall see that it is very deficient in 

rigridity. ngidity. The roadway is 21' wide, the balustrade truss is about 5' 

from centre to centre of booms or chords, and the upper boom or 

chord has a section of 0*32 square feet. The timber having a safe 

resistance to crushing (Tc) of, say, 1,200 lbs., this gives a value of 

Mr = rail = 1,200 x 0*32 x 5 = 1,900 foot-lbs. 

Now Mff = ^ , and a = 807 feet. 

TT 1900x108 ^«, „ r ^ 

Hence p = . — ^^ =0*31 lbs. per foot run, 

which is very small. Hence ani/ live load practically will causfr 
some oscillation. 

This led to the strengthening of the bridge in 1880. 

* Wrought iron can bear 5 tons per sf|uare inch safe tension. Hence i* bar 
takes -7854 x'2ox 2240 x 6 = 2080, which is hardly enough. Use g" bars. 
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Dredgtfs Syskm of Sloping Itods. 

In this system the platform is hung from the main chains by a Sloping .sua- 
leries of sloping rods, either parallel, making an angle ^ with the P®**®*"" 
vertical, or at varying angles. By this system a horizontal com- 
ponent of stress is introduced into the sloping rods, which is 
coanteracted by longitudinal stresses in the roadway. It is, in fact, 
die same principle that we have seen applied to braced girders, 
vhere the inclined braces transmit part of the shearing stress to the 
booms. 

The stresses on the various membei's of such a bridge may be 
laidily determined by a stress diagram. Let Fig. 148 represent such 
t bridge, the bottom chord 
king free at the ends, and 
Itonaeqaently in tension. Draw 
jthe load line x y repre- 
senting the weight suspended 
^from one main cable, and 
[dmded into icp, jx), etc., repre- 
iientmg the vertical weight 
I born each tension rod. From 
^ ind y draw lines xk, ya 

pifallel to the sloping rods at 

Uis ends, and ph, og^ etc., 
iorixontal, representing the 
Wizontal stresses at various 
panels. The horizontal ten- 

%ion at the centre ( ^ ) niay 

be drawn gr^ found by drawing 
from X and y lines parallel to 
the tangents to the curve 
It the piers. Then join qh^ 
g;, etc These lines will repre- 
leot the stresses in various 
larts of the chain. 




THy 




Fig, 148. 



This form of suspension bridge, proposed about 1830 by Mr. DisadNun 
!>redge, of Bath, was considered at the time to be a great improve- ^^^^'''• 
acnt over the system of vertical rods, because by varying the 
ndination of the bars, making them more nearly approach the 
ertical at the abutments than at the centre, it was considered that 
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the greatest economy of material could be obtained both in tlie 
chain and in the suspension rods, on much the same principle as that 
proposed by 2nd Lieut. Graham Fraser, R.E., for roofs (see p. 2^ 
Part I.). Unfortunately, the effect of oscillation produced by trw- 
verse loads, and the uplifting action of the wind, seems to have been 
lost sight of in this construction, and it is unquestionably len 
adapted to resist these external influences than the other forms of 
this structure. 

Method of Dual Cables and Alternate Snjspension Bods, 

Alternate sus- To neutralize oscillation, the suspending rods are often hni^ 
fiom*a°8y8tem alternately from one and another of the several cables forming the 
of dual cables, main chain. A recent instance of this, applicable to a bridge in i 
remote region, is the OlvusAa bridge over the Southern Hvita in 
Iceland, one span 246', and a half span of 1 43' (described by Major 
Appleton, R.E., in the B,E. Professional Pajters^ 1895). Each main 
cable is composed of three separate cables, the centre one of whidi 
has a strength equal to the other two combined. The suspension 
rods are hung from the centre cable and from the two outer cables 
alternately. These rods are at 6' inter\'als, and the roadway is 
formed transversely of rolled steel joists 5" x 3" x y'^", supporting 
channel irons 9" x 3" x ^^", This construction gives great stifinea 
to the structure, which is only intended for pedestrians and 
pack animals. The position (►f the point of contra-flexure is no 
longer exactly at the head of a moving load, and any tendency that 
there is to bend is met by the resistance to bending of the channd 
irons. The bridge is further stiffened laterally by wind bracing, 
and by the splay of the bracing near the towers. The details of 
this bridge are shown in Major Appleton's paper above referred to, 
and are well worth studying. 

American System of Inclined Tension Bars from the Main Towers. 

American sys- Another expedient for stiffening the roadway is to use inclined 
tern of inclined j^j^j-g from the summit of the towers to various points in the stiffening 
truss, as far as \ the span (see dotted lines on left of Fig. 149). The 
tensions in such bars can only be determined by the consideration of 
the relative rigidity of the bars and the various members of the 
stiffening truss. This investigation is not very satisfactory because 
of variations in workmanship and elasticity. 



I Injlumre of Temperature. j— 

■ effect of changes of temperature in auspenaion bridges ia most InBoonoo dljk 
fcd. In girder bridges these changes are provided for by ^ 

■Iwarings al the ends^a device which is not applicable to the 
D bridge. 
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pH the temperature of a bar of iron is raised from tlie freezing to 
IbCHling point, i.e., tlirough 180° F. or 100° C, its length is 
' y increased by i per cent, or by jfjj of its original length /. 
il riongation A' due to any given range of temperature can there- 
Ik be easily calculated. If the chain of a suspension bridge is 
k elongated by any rise of temperature, while the' span remains 
i.ltered, the dip of the chain will, of course, be increased, and the 
"juent deflection or depression of the roadway in the centre of 
-juin may easily be found as follows: — 



Let - =ha]f span. 

d = central dip of the chain, 
---length of the semi-parabola AB 
curve. {-F.;/.149). 
TWi ^y '^® projierties of the parabola — 



'(1 along tbe< 
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Now, if the length of the half chain is increased by A <*> we 
have the increased dip of the chain — 



d+Arf = 0-866y(|+^/)*.J. 



VarifttioQs 
dlowad for 
in England, 
ind abroad. 



In England the observed expansion of iron structures from 

coldest length appears to be A ^ = ^j — httva' corresponding to a range of j 

temperature of about GO*" F. But in America, and, indeed, in nuMl 
foreign countries, the range of temperature is considerably greattft 
and a range of 100** to 150** is commonly provided for. The cab^ 
of the Cincinnati Suspension Bridge have a span of 1,057 feet andi 
dip of 89 feet at mean temperature, but the dip varies by as mock 
as 2 feet between the summer and winter. This variation, however, 
is partly due to the expansion of th^ side spans, which is, of course, 
attended with a horizontal motion of the saddles upon the summit 
of the pier, so that the central span is reduced, while the length of 
the central cables is at the same time increased. 

Whatever the length or form of the side spans, let A a represent 
the horizontal motions of the saddles due to the expansion of the 
side chains; then, the central span being reduced by 2^0, the 
augmented dip of the chains at the centre of the span will be 



d+ Ml = 0'M^^{^i^- mJ -(^i- saj':' 



From the principles of deflection, using the formula V= „-, 

% 

when we know the actual deflection of a girder, we can ascertain the 
corresponding intensity of stress in the flanges. Thus it is possible that 
there may be an initial intensity of stress in the stiffening truss, 
amounting to a very considerable quantity, arising solely from 
accommodation to the temperature, without any live load at all 
The available strength may thus be seriously reduced, and this will 
be enhanced by the elongation of the mooring cables, due also to 
increase of temperature. 
Effect of a We thus SCO that if a central hinge be introduced, as in 

fjtjitral hinge, f'lg 149^ sq that the girder can rise or fall with changes d 
temperature, we get rid of the difficulties of temperature, but 

* Mr. Claxton Fidler, p. 354. 
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[4ie calculations for the stiffening girder given above are no longer 

it^licable in their entirety. The maximum shears occur when 

I tte bridge is half loaded. (/Sm Appendix II.). In Fig. 149 lot the 

Thole span be covered with the dead load, which, per unit of 

length = Wj and live load over half the span per unit =^. Then the 

{total load on the bridge = a {w+^Y The two stiffening girders, each 
[of I length = -, hinged at their point of meeting, must each be 

^ie^gned to bear a load of ^ x ~ uniformly distributed, each subject 

-Id alternate upward and downward bending stresses. 

The Mf diagrams are shown in Fig, 1 49 (lower part). If as = hori- 
vmtal distance of any point from the centre, the Mf on each girder 

4 
At the centre of each girder a; = -■ and 

Hence in a hinged suspension bridge the Mjr is about \ of the Mir 
4ae to the same unit load acting on a span of the same total length, 
■ unsupported by the cable. In this case also the roadwa}' girders 
miiEt be held down at the abutments as well as supported. 

The dotted curve in Fig 149 shows the Mf diagram when the left 
Idf of the bridge is loaded. 

lb, Claxton Fidler, however, has pointed out that the duty of carrying the Mr. Fidlor'» 
TnOmg load is to a great extent performed twice over, once by the chain, and stitfenod rib. 
«Me by tiie stiffening girders. This duplex system is, of course, extravagant, 

F<nd it is proposed to effect economy by using a rigid rib, consisting of an upper 
, 4ad lower member united by diagonal bracing, and of a depth proportioned to 
r tiw If f as in i^H7. 150. 

This form has not only the advantage of stiffness, but ** the united sectional 
«nM of the npper and lower members need be no greater, or very little 
greater than that of a single flexible chain or arch designed to carry the same 
total load ; and having this sectional area they will resist the bending action 
«f the unequal load without suffering any further or greater stress. ''* 



* Claxton Fidler, Bridfjc Construction^ p. .%2. 
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The form thai given is i11iutr»t«d in Fig. ISO. If w be the deui load, tn 
the live lo«d, per unit of length, a the apui, sod d the dip — 

H (the horiiont&l atresa ranning through the whole bridge) — (p -f ic) -^^ 

The ontline of each rib ia a straight line AB. and a paisbolic cnrre AA'B, u 
the neutral line of each rib JB a pBi»bol» fshowD dotted), which bine 
everywhere the vertical depth of the rib and paaiea through A, B, C. 11 
stress H is divided equally between the upper and lower riba ; it U tberefon 

The Mf due to the live load covering half the (pan AB will be represented b 
the parabolic dingnuns in Fig. 149. The horizontal flange atreas H' dm I 
these momenta will be uniform throughout, and if d' represents the gnaM 
central depth OB' — 




and in each member the total horizontal atresa will i>e 
H =5 + H'. 
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n the ii|iper member of AB. 11 — - j- 

„ lower .. „ Ha=-(u.+p)^ 

.. upper „ BC.H2=-('<.4-;.)^^_ 

r«, if the members ai'e ilesignad, as they must be, to curry the 

ir + p, ihey will bo Btroog enough to carry the unequal load, for in 

la the tensile stress greater than that tlue to the entire load. At the 

Be, it may be observed th&t the teosiloatreas ie nowhere less than that 

e dead load if, so that the atreesea will not ultematc between tension 

iprcMion like those in the auxilini-y loiidway girder. "• 

U be observed that tbia form bua the sppearuice of two festoons, nnd atiffened ri 
evidently include all the diBtorted cui-vus that can be pi«dui:ud by a. p^JJ^'j ^ 
ii; load. Although elabomtedby Mr. Claxton Fidler, it was proposed by '^ "™° 
' v-ienlists as long ago as ISfJI. The recent application of it to the shore 
■ •( Ibp Tower Bridge in London will be familiar to everyone. 
.13 form uUo gets rid of the neeeasity of having a very small dip, and, 
' loie, great initial tension in the main cables. 

Stresses on Mooring Cabli-f <iv BiKkslay-i. 
'''\\L-n tho main cables are contiiiuousover the piers, and pass over Mooring 
.i ii with little frictional resistance, the tension in the chains at ™^^'"''^ 
Diibvr side will be the same whether the angles of incliuatioa 
wHb Ihe vortical bo the same or not. If these angles are the same, 
ifce pressure on the piers will bo vertical (A., Fig. 151). If they 
ire not llie same, an inclitiod thrust will be brought to bear on 
Ik pier, the amount of whieh cnn be readily ascertained by the 
ttrallelogTiim of forces, as in B, Fig. 151. If T be the tension on 
ither chuin, d the angle of inclination of tho tangent to the horizontal, 
; the vertical pressure on tho pier — 






H = 3T sin fl (/"(jr. 151); 



d AS 

>gcl 



• Claxton Fidlpr, Hrid'je Cwutm 
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That is, the vertical pressure on each pier is equal to the whole 
load on the biidqe. 




' 4 



y \ 
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Fig. 151. 

When the ends of the main cable and the mooring cables ar 
fastened to a saddle free to move, the resultant pressure on tb 
pier will be vertical, the horizontal components of tho tension on tb 
two cables will be the same, but the total stress will vary accordioj 
to the inclination. If B be the angle which the main chain tangen 
makes with the horizontal, and & that of the mooring chain, then 

T = H sec ^, and T (tension on mooring cable) = H sec ^, 



Anchorages. 



H being the horizonUd component =■ (Fig. 151, C). 

3tres8 on piers It is very important that the stress on the piers should be verticd 
verdcal.'*^ SO as to avoid all bending stress and inequality of pressure. Hene 
the cables should be free to slide over the piers. 



Ancliorages, 

The details of the anchorage are very important. 

It is desirable to have a narrow passage along the mooring cbain^ 
so that they may be periodically inspected. 

If the main cables are of wire bound together, or of steel wir 
rope, it is advisable to secure them above ground to solid ancbc 
bolts or chains of iron or steel well protected from oxidation. Eve 
if decay does begin it can hardly affect the interior of tho bolts, 
solid, and will be evident on examination, whereas with wire cabl 
it may be affecting the interior, seriously diminishing its worki: 
area, without giving any indication on the surface. Hence it 
advisable to exclude wire cables entirely from the anchorage. 
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= 16*25 inch-tons 



Two instances may here he cited of failures of suspension bridges 
««ing to the anchorages giving ii-ay, and in both cases the passage 
d troops was the immediate cause. 

The first was at Broughton, in the north of England, in 1831. The KAilun^ .>f 
fan was 143', and the anchorage was an iron bolt 2' in diameter at iiniutfhiu^„r* 
l^t angles to the suspension link. The dead weight of the bridge 
Yas calculated at 43 tons. A party of soldiers marching across in 
<tep caused serious undulations, and the bridge g«ivc way. The 
veight of the men on the bridge was calculated at 4 8 tons, which, 
tomUiied with the dead weight of the bridge and the dip of tho 
tables (1 in 11*64), gave 37*2 tons on each* anchor bar. The bear- 
ing of the bolt was Sh". Hence the intensity of shear on the bolt 

37.0 
Was - — —7^ — - = 5*9 tons per square inch, which gives a factor of 
2 X *f oo4 X 4 

; tafety for ffood iron of 3. For bending, the maximum intensity of 
is found by equating the M^ on the bolt, i.^ — 

W/^ 37*2 X 3*5 

8 8' 

the M, of the bolt, i,f. — 

)I 

— = rx P X -7854. 

y 

Bence r = 20*7 tons per square inch. 

The bolts were, therefore, originally just sufficiently large, if of 
jood sound iron, to stand the dead weight, without any factor of 
«fety. But the effect of the troops marching across in step, the 
^iminiBhed area of metal from rust, the probiiblc deterioration of 
the metal — a fact which was proved on examination — led to the 
disaster. For safety, the bolts should have been about 34" diameter. 

The other case occurred on the ir)f.h September, 1886, at Ostra Kai 
Wita, in Austria. The span of the bridge was 2 1 6', and the anchor * ^^^ 
stays consisted of 12 links. The chamber enclosing the anchor chains 
VIS open to the surface drainage of the road, and the effect on the 
links had been that all were more or less affected by rust, one of 
tkam being completely eaten through. Failure was c^iused by a 



lun* at 
xix Wit/ji. 



* The pull ou each chain being half of 
»bere ira=48, a=143, and d= 12-3'. 






squadron of Uhlans trotting across the bridge. The whole ot 
were precipitated into the river below, and 6 wer« killed. 

The official report made of this bridge 14 months befor 
disaster said that it was in good and safe condition. 

Independent anchor bolts open to periodical inspecUon ar 
usually adopted. The pins and links should be designed like 
in machineij, with a liberal factor of safety. 

As regards the masonry of the anchorage, the simplest nd 
make the weight of the masonry = 4 times the pull at the i 
If the anchorage is in solid rock, careful examination must Ik 
for faults, etc. Blasting should be sparingly resorted to in exca 
the anchorage chambers, as the blast may cause fissures. In i 
is difficult to say at what depth the anchorage should be, exce] 
the mass above the anchorage may be considered built work, 
stratification of the rocks is at right angles to the direction 
pull, a comparatively shallow anchorage may suffice ; if the 
fication is in the line 
pull, it will be necess 
go deep. 

Fi^. 1, Plale XIII., 
the anchorage of the Fr 
Bridge. The arrangi 
for transferring the f 
the rock on either sii 
noteworthy. 

In masonry, by ch 
the direction of the ni 
chains, us in Fi^. 15 
overtuniing moment • 
pull is reduced. It 
be remembered that the 
of masonry at a should 
right angles to the re 
ss the Seine at Paris ft 




Fig. 152. 



thrust R. A suspension bridge acr 
1826 from neglect of this precaution. 

As regards mooring cables, the following description of tho; 
at the Fribourg Bridge may be usefiU : — 

Mooring Cables. 
TheBB weru made under shelter in a covered walk about 8.1 feet in 
In this walk Has dug a longiCuilinal trench, 90 inches in width, am 
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depth. lu this Ircnoh wns pinoeil a line of beams H2 feet in length, 
M square; 111 intshes above Ihiis line of bcaniH wu placed onothcr 
hr dimeDBioiu, eiipported by uprijjiits aC about every 10 feet, anil 
■ppod ta these uprights. 

inilies af each of the beams abutted against uprights of oak, the 
idi itood a few inches higher than the surface of the upper beam, 
of each of these uprights was boreil n hole 2J inches iliameber, the 
of which was exactly on a level with the siTrface of the beam. In 
rks the screw bolt, au, 2^ inches diameter, and 31 inches in length 
and 2, Plali XIV.). This bolt carries a screw For about half its 
the other end is attached to the crupper of the cable. Hj means 
ver about 3 feet in lenijth, a uut, thitiugh which the iwr^w possea- 
nund so as to adjust the end of the bolt, aa, to any required 
ring the fabrication of the cable. The small crane b [Fig. 2, 
,) woa employed to move the weight which each wire wns required 
Kt the instant of its inflectiou upon the crupper. The vertical post 
I swung round as a pivot, and the end of the horizontal arm carrieil 
ey. 

mcing the manufacture of a cable, the extremity of one of llie 
I upon a reel was attached to one of the lienms, and passed thmngll 
the crupper. Tlie wire was tlien carried to the otiier extremity of 
id Buppoited nguinst the neck uf the other crupper ; abont 2 feet 
tho wire was vlospcd by a pair of pincers attached to a cord which 
the pulley on the horiitontal arm of tho crane. To tlie other eurl 
VM attached a nhell woiglitug 220 tbs. , which ordinarily resteil 
Dd. When the strain was to be applied to the wire the crane was 
id on its pivot, so as to tighten successively the cord, and then 
L Is evident that at tlio moment when tho arm of tho crane stood 
, an angle as to force the whole length af -wire and cord into 
tattt condition, the weight was raised from the ground and 
tj the wire and cord. By the samB procoas, and with a similar 
llie woight was raised by the wire at the other end of the walk. 
OiB least variation was found in the distance between the two 
arising from atternations of temperature or other causes, 
n could he exactly re-odjusted by means of the scfews, atreoily 
i the end of the walk. When all the threads of the cable had 
ntched and placed logetlier, tho end of the wire was united to the 
bich had been temporarily attached to the beam. In this state 
ITM well payed over willi a coating of oil vamisb, prepared as 
this vnroiBh was forced as iniTch M possible into all the vacuities 

) was then strongly bound with annealed wire (No. 14), at the 
of the ciiippers. Tliis wire ligature was continncil for ahout 2 feet 
The threads of the cable were then bound into one solid bumlle 
ivelope of wire tor the whole of tllst length which wa» 
ba placei] in the mooring shafts. The remainder of the cable was 
y 2 foet with a ligature for the length of 9 inchaa : and in order 
ligatures mora tightly, and to render the cable more cylindrical, 
was contrived to fit tlie figure of the cable, and tho two 



[wrts of this vice, l>eiiig forteii togelbei' by means of « acruw, a grcal prei 
«ia spiilied to every lijjatnre. 

Wlien the first cable hul been tbua fabricnted, it {ircsented a i 
fivutnry npjieuinince ; but it wuh no mioner tAkcn frotii Ibe frame o 
hiu) liffl^n stretclied thnn tlie elnstioity of tbe great rnosa uf wire which ^ 
poaed it c&me ioto play, a.aA camtnl it tn aasiime a series of doable ■ 
like tboBe oE a corkicrew. It would hure been impouiblc to fvroe t 
state into the opening of the mooring sliaft. After m&ny inotfboloal effi 
maiutaiii the cable in ■ Btraighl line n-hea at perfect liberty, in order I 
might be placed in ita petition in the mooring shaft, M. Ch&lcy sdopti 
fullowing expedient. He oauseil to be prepatod a uuaiber of Bmall i' 
cut from gruen wood ; these laths were J of on inch thick and S inches 1 
and the whole length of the cable being envetopei] in four thickneBses e 
the whole mass was firmly tied round with ligatures of annealed wire i 
B 'ir 10 inches. Thus enveloped in a wue of wood, the oable was left t 
and experienced no clionge except a very small amount of toraion. 
kind of packing round the cables had the further atU-onUkge of proU 
ihem from injury during the operation of fixing them in their plai 

Kight cables of the same length, intended for the two sidea of the i 
were (iiiccoB»ively fabricated nnd packed round in this manner, j 
section of one end of the frame, xhowing the long beams, the up 
tightening screws, and crupper. Fig^. 2 and 3 are an elevation an 
one end of the frame, aiiowing the long beams, the upright, the oru 
part of the cable in courae of manufacture i also the crane, with the i 
Kuepended over the pulley. The crane is here shown in the position 1 
when lliH weight is being supported by the wire. The dotted lines 
plan and section show the position of the nnn of the crane when the weight i> 
at rest on this ground. 

IFind Sliffitihifi. 

To counteract the lifting action of winds it is customary to take 
BQparate wind ties from either linnk below the roadway to certain 
parts of the roadway. 

A meth'xl projwsed Ijy Mr. Brunei for a suspension bridge in ■ 
country subject to hurricanes was to have an inverted suspen--i"; 
chain in parabolic form beneath the roadway. This chain may 1" 
splayed laterally at the ends of the span. 

For lateral wind pressure the main chains may be similk>!'< 
splayed, and the whole of tlie ruadway should bo stiffened Ia 
diagonal bracing. (Seo the plan of the Jumna Bridge, Pliite XV. i 

Captai[i Capper, K,E., in u valuable paper on suspension brid-- 
in the Himalayaa,* has pointed out that where a bridge is made t-^i 
close to highest water le\el, wind ties may be caught by soinf 
floating obstruction and wreck the bridge. This must be borni' ia 
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mind in design. Captain Capper proposes that where head room is 
possible the dip of the inverted cables (on the parabolic form pro- 
posed by Bnmel) should be about half that of the main span. Those 
used at the Bunji bridge over the Indus were two 1 1" steel wire 
ropes made fast to anchorages in the rocks about 40' up and down 
stream, working on rollers attached to the cross beams, and over- 
lapping at the centre of the bridge as shown in Fig, 153, which 
shows the ties in plan. These lies could not be taken much below 
the level of the roadway as the bridge was too close to the highest 
water level. 




Fig, 153. 



Erection of Suspension Biidges, 

A few notes of a general nature may here be given on the subject Erection. 
of erection. 

In comparing relative methods, speed and economy are of less 
importance than safety. 

Where it is possible to do so, scaffolding or temporary staging of Scaffolding. 
some sort is undoubtedly the easiest method, but the fact that 
suspension bridges are usually made over a gorge or some other 
place whore an intermediate support is impracticable, renders this 
class of erection rarely possible. 

Even if not practicable over the whole span, scaffolding may be 
very useful over some part of it. 

In rivers where the height of the roadway is at no great distance 
above the water, and where the force of the current admits, such 
scaffolding may either be supported on piles or on floating supports 
anchored. In any such case, the framing should be so designed in a 
self-contained manner, of separate braced portions so lashed together 
that in the event of any sudden rise of water, or approach of a 
storm, the lashings may be cut in a few minutes, the frames float off 
and be secured lower down stream. An anchor can also be attaclied 
to each frame so as to catch it when cut adrift. 

In any case the erection of the abutment towers, piers, and 
construction of the anchorages would have to precede other work. 
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Era^ou at In the case of the Frihourg bridge, the ground directly underi 

I" "^' bridge waa avnilable for operations, though the height was too | 
for scaffolding. In this case the cables were conveyed c 
drum 6i' in diameter to a spot I>e]ow the bridge. Meantime 
folding had been erected round each tower, and on the top i 
scaffolding at each side were fixed two windlasses, and a third wiri- 
lasa was jerected in the line of the bridge towards the anebomge- 
On the axle of this a 1" hempen rope some 760' long was wuiuiil 
then passed with one or two turns o\-er the windlasses on the pier. 
and then secured to a lighter rope, the otlier extremity of which 
was fixed to a fourth windlass in the valley below at the posiliw 
of the 6}' dnim. The same was done to the other end of the 
bridge. The position of the windlasses is indicated on fij. 1, 
Plait XII. 

The two extremities of the suspension cable were then stron^J 
secured at either side to the hempen cables, the windlasses set to 
work and gradually the whole of the cable was wonml off the tJrain. 
When this was done, the workmen atone side ceased operations, tl» 
one end was hauled over the pier, made fast temporarily and 
the other end hauled over the other pier, and made fast temporarily 
The main cables wore afterwards made fast permanently to 
mooring cables. 

Teinptffary When the work has entirely to be carried out from one aid* 

the^iwra™* both, a temporary suspension bridge is necessary. This should ■ 
attJLched to scaffolding or staging resting on the main piers, 
it across in the first instance various expedients have been adop 
(bow and arrow with string, small mortar, etc.) which need not 
be given in detail. A light traveller which can be hauled backw» 
and forwards, should be slung to the temporary wire rope, anil vj 
means of it the main cables can be got over and fastened. 

After the raiun cables are over and adjusted there is less difficnllji 
about the remainder of the structiu'e, as the main cables form a luN 
of operations for the rest of the work. It was by this means tW 
the cables for the bridges over the Indus, erected by Captain CappWr 
were got into position, and it was by this means that the Clifton 
bridge was built up, 

At the Olvusaa bridge a ^' steel rojje was stretched from the lop 
of one pier to the bottom of the next, and a derrick of suiubl' 
length was erected over the centre of one pier. The cable has on'' 
end attached to the anchorage, and a tackle was fastened to it soiu" 
30' buck. It was then hoisted to position A (Fig. 154) and plictil 
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\ an S hook riding on the %" rope. The length was hauled out by 
he winch D, and the operation repeated till the cable was across, 
fhen the end was made fast to the anchorage on the far bank. A 
ding chain was then attached to the cable and it was lifted into 
position on the quadrant. To enable the roadway to be built out, 
A platform, hung from the cables by the four comers, and provided 
•with tackle to raise or lower it to the required level, was used. 




- '»• I 



Fig. 154. 

Captain Capper mentions, inter alia, the following points about 
•erection : — 

Get some temporary bridge over if possible. 
Always put up an overhead wire. 
Have plenty of pulleys and light rope. 

Make up everything you can on shore and fit it there. It is 
^cult to get men to work well and quickly on a shaking platform. 



APPENDIX I. 

'^H)? that the curve of the chains in a suspension bridge is a parabola. Let Proof that the* 
^ curve OPA (Fig. 155) represent half the span of a suspension cable loaded ^"'"^'^ ^*( ^^^ 
''*" a load to per foot run. Let a = the total span, and c/ = central dip or chains is n 
^^''ed sine. If half the bridge be removed and the tension on the chain at its i)aralM»la. 
**^ point be represented by a force H, this force wiU l>e horizontal. 

Take the point where it acts, as the origin of co-ordinates, and let the 
■^linates of any point P on the curve be PD=y, and OD = a;. Then taking 

atP— 

Hwx^ 
xy = 



2' 



x^ = 



2H 



tv 



y 



(1), 



*"ich is the equation to a parabola referred to its vertex. 
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Taking moments at A the top of the tower. 



Hxrf = _orH=_ 



(2) 



This represents the uniform horizontal stress. Substituting this value d 
in (1), we get 

a^="jyory=^^ 



4<i 



(3) 



This gives us the length of the suspension rods to the tangent at the Ion 
point. 
The tension in the cable at any point 

=H8ec^=H*^-. 



and M'hen 



and tension 



a;=-and y=rf, 




Fiij. 155. 

Another proof is as follows : — 

Taking the same notation as before, we see that the arc OP is kept 
e(|uilibriiim by three forces — (1), the tension H at ; (2), the weight of t 
r<»adway along OD, i.e., wx ; and (3) the pull T on the chain at P, which 
tangential to the curve at that point. These three forces are parallel to tl 
Hides of the triangle FED, hence 

>/y_Pl) 
H ED* 



- ji, Btnco the weiKht i 



n UD is imifinnly ilistributBil, nnti 
I pnsB tliL'Oiigli the same point K. 



n P draw PN {Fin. 155) at right atiglen to PE. nnd ON at ri 
^ 1K». Then PK being (irawn parallel to 111), the trinngle PKN is 
H»K. Biiii the three toroBB acting on 01' are pio|iortional to the si 
,ngU PKN. Tlien 

T:ire::PK:PD::PN:PK:;a-cosect*a:. 

febere = angle of inclination of the tangent to tlie horiitoiital. 
When E = ^nndy = (i- 




'I tbc tenaiun of the chain at any point is equal to the line nornjal to the lan- 
:r-a\ nt that point and intemepted by the axis of the emre, multiplied by the 
iiiit of weight on the chain. It is uitsy, tboiofore, to tind graphically the 
> ii&ioii at any point on the chain. 

APPENDIX II. 

I'll Find tue M^ and Siikau in SrtFrENiNii (Iebdekj. 

A II '■.':!■■ load is not uniform, the cable Wiill tend to swing into a now curve, Ii 
11 bich will be increased as the dip rf incroaaeB, and the tension H "I 
, for «'e see from Etjuation (2), Appendix I,, that H varim '^ 

[ of the stifiening girder, upon wbicb the load primarily rests, is 
'the load uniformly upon, and therefore to prevent any deforma- 
. iible. Under such circuraataniiea the Btroas in the siiaponsion rods 
I ttom end to end. If the livul is not ilniforinly distributed on tbo 
itdor in not doing its work. 

is'iumption which will be tnie when the stiffening girder does its 

' r ly is that its deflection, if aeting alone, would be coiunderable u 

iiitb the deSectiun of Ibe calde when tbe load is distributed 

n.i'.i I..:, iill over it. If, therefore, the cable does not appi-ecialily ini-reaae its 

t|i Ua till' juwunied distribution of the oonccntraled load, then tbe cable may 




ht osmmed to tarry nil the live lond, while the gii'der merely serves to dit- 
tt-ibiit« it. 

The cunilition oE aqnilibriiiin of the external forces a<^ting upon tlit> ginlrr 
r«|Uirea thut the Bigebroic sum of the vortical components, aiirt of Ihrtr 
momente shall — 0. These extomal forces are, on each girder : — 

(1). A uuiform downward load of ip Ihs. p^r foot over the distann 7 
iti'ig. iSS), that 'ligtanoe being etippuscd to be under the live load ;Kr-, balf of 
which is borne \iy eauh girder. 




Fi.j. 156. 
(2). A uniform upward pull of 5 lbs. per fool from eofh cable ovei- lli» 

(3). The two end reactioua R.i and Rb. 
We hare aaaumed by hypothesis that ^ix-qa. or 1-^- - 

The e.g. of the downward forcBH ^ IH ^ from B, while the e.g. of tb 

snspension ohaiu nnd rods is at the centre of the span, i.i;., ^ from B. Hume 

as the npAvard forces = downward ones they form a. couple whose arm is " ~ , 

and moment ^ (^V^)- "^"^ oonple can only be tMlancod by another conpla 



of the sn 
Henoo 

Hcnre 



+ !{.= -R,= ^^(u-a) 



■ (5). 



Having found thus the external forfes which act upon the girder, wc mn 
investigate the maxima betiding moments and shearing strosees. Since the end 
ruactions nni both positive and negative for diffsrent loadiugB, the gii-der mnil 
rest upon the piera and be aiifhofed to tkelA sufficiently to resist the 11 
negative end shesr or reaction. 
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InveHigcUion for Maximum Shear, 

Let the uniform passing load cover a distance from B = x, and let z be any 
distance from B, either greater or less than x. 
Then when z is less than x the shearing stress at z, S 

= -- Ra + q{a - s) - ^-(a: - s). 

Substituting 

^2^ for 5 and ^-(--^-) for R. 

S=^(.-a-2z) + f („). 

Similarly, when z is greater than x — 

S = ^(^+a-2z) (fi). 

For a given load ^ , we see that S is a maximum when 2 = a:, and a minimum 

when2=aor=0. 
Thus when z=a?we have, from M) — 

s=r<"-='> W- 

«od when s = o or = 0— 

s=^(^-«) («)• 

Now a - a: is greater, positively, than x-a. 

Hence we see that the shear at the head of the load is always numerically 
•jnal to, but of opposite sign from, the shears at the ends of the span. In the 

<*ntre when ar= — we have the greatest value of the shear. 
Subetituling in (y) and {^) the value of a;= | , 

S = TV/>a (,;). 

Maonmum Bendiuy MomeniH, 
When 2 is less than x — 

M,= - R. (a - z) +Pi«z£)^P(^p)! . 
Sobstituting value of Ra— 

M,= -^(a-x)(a-^)+^(a-r)'-^--^f (a). 

4a 4a 4 
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'i^imilarly, when = is greater than x — 

Mf=-^^(a-a:)(a-2)+Ef (a-2)2 (6). 

4a 4a 

When z = Xf we see that Mf=U, and in (a) M^ is positive, and in (6) it is 
negative. Hence the head of the load ut alwayn a point of contrafleocurt. Wc 
have already learnt that the shear here is always equal and opposite to that tt 
the two ends, hence we see that both the loaded and unloaded portions of the 
girder can be treated as a simple beam uniformly loaded. This leads ua to 
conclude that the Mg- occurs at the middle part of the unloaded and of tlie 
loaded portions, the former negative and the latter positive. 



When 



=v^»=^^0 t) '^'- 



To tind for what position of the load M^f is a maximum we differentiate 
^juation (c) — 

dyjf _px _ ^p3^ _f. 
dx^~S lea" * 

whence x=:^a (c). 

Similarly differentiating etiuation {d) we have 

— '=a^-4aa: + 3x2 = 0, 
dx 

whence x = ^a (^/'). 

Therefore the maximum downward moment occurs at the middle of the load 
"when it extends over ^ of the span, and the maximum upward moment occurs 
at the middle of the unloaded portion when the load extends over ^ of the span. 
Inserting the maximum values of x in equations (r) and {d) we find 

^^"^m '»> 

for l>oth upward and downward moments. 

For a load '^ per foot acting on a simple truss a in length the Mjr would !» 

•> 
/Ml' 

10 • 
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Hence in the suspenaion bridge the M^r is about f of the M^r due to the same 
lit load acting on the same span unsupported by the cable. 
The maximum shears were found to be i^r /to or just i what they would In; 
I aimple trusses of the same length. The M^f and shearing stress diagraniH 
■e as shown in Fig, 157 from calculations worked out by Col. A. Cunningham, 
.K. Practically they may be taken as uniform throughout, as stated on 
%ge 168. 
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Fig. 157. 



CHAPTER VIII. 



"Cantilevkk 
Bridgeh. 



Cantilever Bridges and Movable Bridges. 

Cantilevers. — Use in Military Work. — Example. — Bascules. — Swing Bri 

Drawbridges. — Floating Bridges. 

In this chapter it is intended to describe briefly the princi 

design of cantilever bridges, illustrated by an example, an* 

shortly to mention without going into details various clai 

movable bridges. 

Cantilevei' Bridges, 

The practical disadvantages of the shifting of the points of ^ 
flexure in bridges of continuous beams subject to passing \oi 
already been pointed out. This may be met by introducing a 
in the continuity of the girder by a hinge or other form of conn 
and thus mechanically fixing the points of contra-flexure. 

Thus in Fig. 158, which represents a 3-span bridge, the < 
and C are supported, or anchored, on hinged bearings, and 
may be hinges at BB', which cause the portion BB' to be an in 
dent girder supported on the cantilevers AB and CB'. 




^^^^^^^^^^^ 





Fig. 158. 

To find the Mf diagram when the points BB' are settled, j 
we need do is to draw the Mf diagram for the span DE as if 
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snpportod only, mark the positions of BB' at hb\ join hh' and produce 
it both ways. The ordinates above and below that line give the 
Hf values at all points. The values of the Mf for various loads, etc., 
▼ill be found from the principles given in Chapter IV., Part I., 
Cases 11 and 12. 

This principle of cantilever design has been adopted for many 
huge bridges, e.g.,, the Forth Bridge, the Lansdowne Bridge at 
Sukkur, etc. 

Apart, however, from these colossal structures, which are of a class 
beyond the ordinary designs likely to be carried out by those for 
whom this work is intended, the cantilever principle can be applied 
under certain circumstances with great advantage. 

In the Himalayas the inhabitants have long recognized the Himalayan 
advantage of this principle, and many of the native bridges are " ^^^ 
formed of logs of timber securely weighted at one end and carrying 
at the other the ends of a beam {Fig. 1 59). The span is thus sub- 
divided into three parts, two cantilevers and a beam. 



^^^'x^nxcaxL 



^^ 






I 




a 



Wa?u>idd he>^ 
Mrr at A=^ ^ wL""^ 

Fig. 159. 

Bridges on this principle have been frequently constructed in 
JDountain warfare, notably in the recent Chitral Expedition. (R.E. 
frofessional Papers^ 1896, Paper VI.). The limiting span in this 
expedition was 120 feet {Fig. 160). 




Fig. IGO. 
o 
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Vieotties. Tlio advantages of this form of bridge are that it can be rajjidl] 

tiiuile withoui skilled labour, and witli the simplest materials aui 
tools. Tbe deflection »nd "spring" of thtj bridge is the ciia 
<lisad vantage. This can be obviated by having wire ties, us ii 
Fiff. 161. 




Fi'j. 16 



The Wangtu Bridge over the Sutlej (Plate XVI.), designed and buil 
bj' Captain (now Colonel)* Lang, R.E., is a good illustration of thi 
class of structure applied to permanent roads. The npan i:^ 120', th< 
central portion between tips of longest cantilevers being 30'. ^ 
Howe truss 5J' deep is carried across this opening, but with a bear 
ing of 45', and continued to either abutment. The cantilever 
marked d arc four in number, 15' projection. Those marked c an 
five in number, 10' projection. 

To find the stresses on this bridge we may assume that the weigh 
per square foot of roadway was 40 lbs. (French rules give 41 lbs. fc 
highway bridges remote from towns. In this case, tlie region iaii 
the heart of the Himalayas). With a roadway of lO* wide and*' 
span this gives for each truss 9,000 lbs. = \V. 
Wi 9000 X 45 ; 



Ms 



7,500 inch-ll>8. 



M,-rorf=rx9*x4"tx66'-2576r. 
2376r= 607,500. 
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556 Ills, as the value of ibe compressive stress per 
lit This is well within tlie limits of streogth for deodar (3760), 
»d, in ikddition, it may lie note<l lluit the Mtf would, owing 
■ [he continuity of the girder, be rather lesa than - - , probably j— , 

d the loud wotild seldom amount to 40 lbs. per square foot. 
Braces. — The end reaction of each girder (-15' span) being 4,500 lbs., 
iBtress on each brace is 4,500 x 1-4 H (i.(T.,co9ec 45°) = 6,350 lbs. 
e scftntling is 5' x 4", and length 6'. Hence riitio of length to 
atdimension is72:4 or 18 to 1. Hctice P = Jr^A (see p. 160, 
rt L). 8350 = i 30 x r,. i\ = 635, which is amply safe. 
7«n/iieiws d. — Four of these carry 9,000 lbs., or each 2,250 lbs., 
I the length is 15' or 180". Hence M„-180 x 2,350 = 405,000 
b-lbs., = Mr =-, which for round logs = -71^54 R^xj'. Taking a 

[leof rat 1,200, tt»= 430. Hence R = 7'55,aud diameter= 15-1", 
16". 

lanlilrvem e. — Five of these carry the weight borne by the canti- 
;ra if + alioitt 9' of roadway, i.e., 9,000 + 9 x 10 x 40= 13,600 lbs., 
lach carries 3,520 lbs. The length is lO'. Hence Mn= 120 x 2,520 
i02,400 inch-lbs., w-henco R (calculated in the sarae way as before) 
1-84. Make 14" diameter. 

u like manner the cantilevers h and a would he calculated. 
The ends of the cantilevers are not only weighted, but anchored 
^he solid rock. 

Movable Bridges. 
e may bo subdivided into :- - MusikblB 

1. Bascule bridges. 

2. Swing bridges. 

3. Drawbridges. 
. Floating bridges. 

iges are those which revolve round a horizontal axis, BbbduIus. 
1 may either be lifted by a chain passing over a pulley, or con- 
icted with counterpoised weights, and working by & rack and 
ioti. The most notable instance of this class of bridge is the 
sntly finished Tower Bridge in London, where there are two 
culea spanning an opening of 300 feet. 

) lower member in such bridges miiy be arched so that tlie 
^When closed forms a complete bi-uced arch, hinged at the 
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ringbridgos, 
.rious t3rp08. 



^^w^iridgen. 



crown. Many drawbridges in fortifications are on the baseub] 
principle with counter-weights. (See Colonel Lewis' FarUJiecUum), 

2. Siving bridges are of several classes.* 

(a). Those which turn entirely on rollers or wheels. 

(b). Those in which the weight is proportioned so as to be in pirtj 
borne by the rollers and in part by a centre pivot 

(r). Those entirely swung on a centre pivot 

(d). Those which are lifted on a water centre by hydraulic power 

(e). Those that rest and turn on a water centre, having a consUil^ 
upward pressure, but not sufficient to lift the whole weight 

(J). Those where the weight is almost entirely buoyed up, having 
only a small portion resting on rollers. 

Whatever be the pivoting arrangements of a swing bridge at 
indicated above, there are certain features common to all classes. 

When not swinging, the movable part is evidently a continaoH 
girder over two equal spans, or two large and one small centre span. 
The Mf diagram will then be somewhat as shown in Fig, 162 for the 
dead load, or for a live load all over. When the bridge is swingings 
the Mf diagram will be as shown in dotted lines. Some of the parti 
of the bridge near the circumference of the swinging circle will be 
under reversed stress, and will, therefore, require counter-bracing. 

The details of the machinery do not come within the scope of diis 
work. 
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Fig. 162. 

In some cases swing bridges may be constructed with a short arm 
counter-weighted instead of two arms of equal lengths. An instance 
of such a structure is described in Colonel Lewis' Fortificatmy 
Plate XXI. 

3. Draxobridges. — These may be of the bascule class, as above 
mentioned, or may be travemng, i.e., moving backwards and forwards 
Horizontally, a principle which has also been applied to large bridges 
in scjme recent instances, e.g.j over the Dee at Hawarden in Cheshire. 

*^ Minutes of Proceed in (/•% Lvititution of GivU Engiiieera, Vol. VIL 
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^u-e many different types of drawbriiJges used in connection 
ermanont fortification described in Colonel Lewis' Pa-manimi 
■tliim. For the most part these are suited chiefly to the 
ments of forU only, and ore not of goneral utility. There is, 
>r, one exception to this rule, and that is Lieut, (now 
Seneral Sir John) Ardagh'a bridge. (See PlaU XVIL). 
revolves round a horizontal pivot, yat it is not of the ordinary 
ftvpe, as there is no counter- weight. The following deacrip- 
Bc«D from a paper by the inventor in li.E. Professional Papers, 

e drawbridge now proposed reijtiires no counterpoises, and H 
I made twice the length of the old drawbridges with the same ^ 
ience. The bridge OX, when down, is supported at the inner 
ity by tivo keys 00, which may be made Bolf-acting, but 
it is bettor (for military purposes) to work by hand, and at 
ter extremity it rests as usual on the standing part. At the 
B it is supported by the tension bars YB, which have axes at 
(tremity. 

hen the bridge is raised it follows the motion indicated in the 
n, where it is shown in an intermediate position, xi/, r!ij', 
le point A represents the centre of gravity of the bridge moving 
horizontal line XX', a condition which ensures ecjuilibrium in 
[losition. 

le point of suspension B moves on the circumference of the 
of which V is the centre, and YB the radius. 
le points xij and 3!ij' will tlien bo constrained to describe the 
shown in the diagram. 

order to investigate the general problem, let it bo assumed that 

idge (at a certain intermediate position) makes an angle of i^° 

) horizontal, and that the given quantities are represented 



y = r sin ip. 
sin ^ = - , 



, Ajy = c, YB = r, and VO = p. 



J- = {„ + c) cos ^ + Jr" - (p + « sin ip)'. 
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And y= -(a + J)sin0, 

sin <^ = - ^ 



a-hb 
x'= - ft cos + Jr^^{p-\-asin ^)2, 



" The equations (1) and (2) are in a convenient form for calculation, 
and represent the curves shown. As the end xy moves in the air, 
we are only concerned to ascertain the path on which it is necessary 
to guide the inner extremity xy'. 

" In the simplest form of bridges of this description, where the 
centre of gravity bisects the span, and the point of suspension meets 
the outer extremity of the bridge when raised — 

Hence (c - a)^ = ft2 = (a + cf - c^ 

or reducing c- - 2ac + a^ = a^ + 2ac, 

c^ = iac and c^ia—p, 
6 = 3a and r = 5a. 

rt:6:(c=;?):r::i:3:4:5. 

" This makes the calculations exceedingly simple, for substituting in 
equation (2) the values of the other constants in terms of a we have 



V (a-hb)' V V^ a-\-hJ 



-V'-(0Vw-(<»-9' 



" In a span of 20 feet, a will be = 2*5, and the equation takes the 
determinate form of 



which, for example, placing the value of y' at - 6, will give 

a;'= -7-5x/l-fW^ n/156-25- 132-25 

= +614-8= ±1-2 and + lO'^- 



The co-ordinates of the four points on the curve to y= ±Q^ 



\ 

K 
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calciilittions are made in the same manner, and the curve 
Mit either from the values thus obtained, or geometrically, 
»lly. The inner extremity of the bridge beara, through 
flition of trucks, on rails adjusted to the curve thus 

tt is altogether closed, its upper part occupies the exact 
ich would bo required for u common drawbridge of half 

|!c required to move it will bemerely that which is needed 
I the friction of the nxes at Y, B and 0. 
ide in which it is proposed to apply the force is an integral 
■cheme. 

DC, runs through a ring at D, and works on an axis at C 
ithe standard and strut fixed on the bridge at this point, 
ent's consideration will show that wben the bridge ia up 
|C will lie in the position OD ; and that the axis, in 
^m C to D. wilt describe a very flat curve, so that the 
o through the ring at D with ease. 

FojKised to apply the force for moving the bridge to this 
per in small bridges being direct manual labour, and in 
jutes the rail beingdrawninby awinchandfriction-whoal. 
fcolute weight required to move a. very roughly constructed 
{e bridge, the platform of which weighed GJ lbs., was on 
8 ounces, being j'^th of the weight put in motion. Any- 
B seen the model will admit that the friction of the fnll- 
i is not likely to bo proportionately so great ; and in the 
related the force was applied to one rail only. 
|t eY|terimonta on friclional resistjinee will give a smaller 
Hn's co-efficient for cast iron upon wrought is '07 and '08. 
'larger, and bearing in mind that the rail moves through 
1a the bridge moves 10, the necessary power would be — 



P = W-' 



= '05, ( 



Ajth. 



bridge ho assumed to troigh 5,000 lbs. The force required 

■will be J^-52 = 410 lbs., or ^^^ = 250 lbs., according 
mt hypothcaos, or from six to four men — a number which 
tinlybe available to guard against contingeucie?. Gun- 
f be provided to hook on to the eyes of the rails (or 
IT. B9 previously mentioned). One man on each side 
be eutficient to raise or lower the bridge. 
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'* The middle rail vriW move in a similar manner, but need not be 
employed for the working of the bridge. 

*'The rails CE, joining the fixed with the moving parts of thebridgei 
iire of iron pipes, fitting on studs, at either end, the long studs being 
at £ and the short ones at C, so that if the bridge be closed, howevei 
suddenly, these connecting rails will merely fall off their studs with- 
out interfering with its motion. 
rHos of this " No particular dimensions are proposed for this kind of bridge, but 
liSitiOT " ^ "^*' ^^ ^® suggested that 14 and 24 feet would bo convenient limits, the 
former for sally-ports, the latter for large fortresses. They would 
then cover gateways, respectively 7 and 12 feet high. Of such 
small span are many of the existing drawbridges, that it would seem 
desirable, when any of the old platforms are renewed, to substitute 
bridges of this constniction, which might be done at a very slight 
expense. 

" In applying this principle to dock, river, and canal bridges, it will 
most frefiuently be convenient to make the bridge in two parts, 
cambered in the centre, as shown in the smaller section on the plate, 
where half the bridge is shown in an intermediate position. 

** The standards in these cases will require to be but half the height 
necessary for the ordinary lifting bridge, and no counter-balancing 
weights are required — decided advantages when the opening is in the 
middle of a long lightly-built bridge. 

** Here, perhaps, it would be better to raise the bridge by chains 
instead of by the rails CD, and to employ a second sot of chains 
attached at 00 for loweri/ig it. 

" It is important to observe that C is the best point to apply a force 
to move the bridge either in or out, better even than the centre of 
gravity A ; and that a force applied in the direction XY would be 
not so eftectivc and much more troublesome." 

As regards the tension on suspending rod, it is evident that if the 
end X of the bridge be resting on a support, and the end be 
supported on keys, the re-action R at B can be ascertained from the 
consideration of the beam being continuous over two spans OB, BX. 
If the beam be not bearing on a support at X, the case will be .that 
of a beam strained over a pier, as in Fitj, 60, p. 79, Part I. In 
either case, having found the re-action, the stress on the bar YB is 
Ui sec 0, where is the angle of inclination of the bar with the 
vertical. 

When the beam is in the position shown in Fi{/, 3, ^ being the 
angle of BY with the vertical, or of AB with the horizon t^, and W 







[ 2b fact, pagt, ZOO . 
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weight of the bridge, then the tension on BY = J^ W cos 0, and 
horizontal pressure against the wall at x'l/ = ^w sin co8'0. 
he pressures on the piers for such a bridge as that shown in 
5 are easily ascertained by principles already considered 
er the heading of suspension bridges. 

his ingenious principle has not, so far as the writer is aware, been 
lied to bridges for docks, etc., and yet there can be no doubt 
It its economy, both as regards its construction and power 
lired to open it. 

. Floating Bridges. — These call for little comment, as the sub- 
, which is so important from a military point of view, is exhaus- 
\y treated in text-books on military bridges. From a permanent 
it of view these bridges have the advantage of cheapness ; but 
r are liable to be damaged by floods, are dependent either on 
om anchorage, or on the attachment to a horizontal mooring 
e secured on both banks, and they impede navigation. 



CHAPTER IX. 
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Bridge Piers of Timber and Iron. 

Various Forms of Piers for Bridges. — External Forces. — Creneral Fonn of 
Design. — Stresses in Various Members. — Details of Constructioo. 

ibidgePikrs. In previous chapters we have discussed various types of bridge 
spans in timber and iron, but the subject is not complete vdthout 
some consideration of the design of piers of those materials. 

Most of the information in this chapter has been derived from two 
standard works, viz : — Professor Warren's Engineering Canstructm in 
Iran, Steel, and Timber, and Modern Framed Structures^ by Professors 
Johnson, Bryan, and Turneaure. In Australia and America (for 
which countries those books are primarily written) timber piers are 
far more extensively used for railway bridges than they are in 
England, where, indeed, they are now but sparingly employed. 
Even piers of iron and steel are less used in England than' some 
other countries, although there are some notable exceptions, e.g., 
the main span piers of the Forth Bridge, which are 360 feet high. 
p]ven where the piers are of masonry, they are built, in one case at 
least (the Tower Bridge), on a skeleton of steel. For the most part, 
however, we have to go abroad to find the braced pier largely used 
in bridge construction. 

For military engineers the subject is of great importance, because 
the temporary or semi-permanent bridges which have to be erecte<l 
for military purposes are more expeditiously made with braced piers 
than solid piers of masonry or concrete. 

Such piers as those which we are about to consider may cither 
be borne on a foundation of piles — the piles themselves being con- 
tinued, in some instances, above ground to form the standards of 
the trestles — or they may be based on foundations of masonry, to 
which they are anchored by means of bolts. Into the question oi 
the design of such foundations it is not necessary to enter, as the 
subject has been already considered in Chapter XIIL, Part I. 
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When the trestle is resting upon a grouad sill carried liy a Eoiindu- 
iifln of masonry, the sill should be above ground, and not coverml 
irith earth, so that decay may be delayed as long as possible (see 
fy. 168). 

rile trestles rarely exceed 20' to 30' in height. If less than 10* 
1 iL,'h they do not require bracing. 

rbti principles of design of braced piers are the sanie whether the 

natflrial used be timber or iron, but the practice slightly differs— in 

iliBt with timber the trestles are generally single, find are placed at 

ntervals not usually exceeding 30 feet, whereas with iron or steel 

-f-^'lcs, it is usual (though more frequently so in America than in 

it Britain) to have them formed in lowers of two trestles braced 

^hcr, corresponding to the "fonr-legged trestle " used in military 

i i-ing. The diagonals in timl>er trestles are designed to act as 

it|-ut«, whereas with iron and steel trestles the diagonals should be 

calculated as ties. The reason for this difference is on account of 

•lie material being better adapted for each class of stress respectively. 

It may here be mentioned that cast iron is not a suitable material 
for the construction of the piers in such structures. It is true that 
It is welt adapted for the bearing of compression, but it is not well 
niitud For the transverse stress that may be induced by lateral 
Forces ; it is subject to hidden Haws, and the method of fastening the 
jhgonals affords opportunity to unscrupulous manufacturers to put 
■n bad work, and is, at best, a sotn'cc of weal<ness. The failure 
of the Tay Bridge in 1879 is an object lesson wjiich will not be 
forgotten. There the columns were sufficiently strong to bear 
the vertical pressure of roadway and passing trains, but wore full of 
Haws, especially at tbo joints, and thus, when subject to lateral wind 
pressure, gave way. 

Steel columns may nowadays bo built up in many forms, with 
Combinations of H, channel, T, and angle irons, Lindsay troughs, 
nc. Into these and the calculations involved it is unnecessary hera 
to enter. The broad principles of the design of columns have 
already been considered in Chapter IX., Part I. 

In all cases the external forces which bridge piers have to resist 
■TO :—(«). The vertical weight of the roadway und jiassing loads. 
This weight will, of course, be greater in the lower than in the 
^{■per tiers of the trestle, and in tall treaties {those over '20 feet) the 
itprement of weight should be taken into account, (i), The lateral 
'"■■■■'■ fit the wind. This is assumed to act horizontally. Probably 
ill l>luw upwards at » slight angle, and its vertical component 
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will tend to neutralize the weight of the structure and to endanger 
its stability. " The wind surface of a train is assumed to be 10' high 
and the centre of pressure 7^ feet above the rails. It is taken at 
330 lbs. per foot of track for the train. The wind pressure on the 
girders is taken at 50 lbs. per square foot of surface exposed when 
the span is unloaded, and 30 lbs. when the span is loaded, (c). 
Centrifugal force, acting when the bridge is on a curve. The line 
of action is taken at 5 feet above rail level. The amount depends on 
the weight of the train, the curvature, and the velocity with which 
the train is moving. For a speed of 30 miles per hour the centri- 
fugal force is approximately 1 per cent, of the weight of the train 
for every degree of curvature. For speeds of 40, 50, and 60 miles 
|>er hour it is approximately 2, 3, and 4 per cent. Thus for a 
train weighing 4,000 lbs. per lineal foot of track moving at a rate of 
40 miles i)er hour on a 6 degree cur\'e (955' radius) the centrifugal 
force would be 4,000 x 0*02 x 6 = 480 lbs. per linear foot of track.'' 
(Professor Johnson). 

Given these external forces, it is a matter of no great difficulty to 
investigate the stability of any fonn of braced structure which we 
may devise to resist them. 

In its simplest form, such a trestle, viewed in elevation transverse 

to the line of the railway, will consist 
of two uprights, generally constructed 
with a slight batter, with a groundsill 
connecting the feet, and a capsill 
uniting the heads. It will be laterally 
braced by diagonals, and by horizontals 
at vertical intervals which diminish 
towards the lower parts of the trestle, 
and reduce the unsupported length of 
the main struts, or columns. 

If the weight of the roadway and 
rolling load be represented by W 
{Fig. 163), then J W will bo borne by 
each column, and if W^, W2 be the 
weights of the trestle above each 
joint, and 6 be the angle which 
the inclined columns make ^vith 
the vertical, the pressure which i& 
brought to bear upon any column, apart from the effect of 
any lateral load, is (^ W + J ^^4- J W.^ ) sec 6. The stress 



Fig. 163. 
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irnught to hear upon any of ihe horizontals hj- the nction of 
he TBrdoal forces alone, apart from the effect of the wind or the 
cnlrifiigal force, is expressed hy J (W+ W| + Wj + ......) tan H. 

'he diagonals are under no stress from the ayramotrical vertical 
0x1. 

To ascertain the stresses produced by the lateral forces, the 
implest pkn perhaps is to consider the cITect of the horizontal forces 
ilonc on the stniclure, and to add these to the stresses produced by 
■be vertical forces, thus obtaining the muximiira pressure from the 
iODsideration of the algebraical sum. 

If P, be the horizontal wind pressure upon the carriages or trucks Invn 
[Fig. 164), P„ bo the horizontal "'"' 

widd pressure upon the girder, and r 1 

fl, Pf he the wind pressure upon t i 

the trestle at the various joints, then 
tbe ttability of the strnctnra as a wlwle 
any bo ascertained by taking moments 
of all the vertical and horizontal forces 
ibout the loo on the leeward side. 
This will not, however, give us the 
'trwses on any particular member, 
knee we niiut tirst find the horizontal 
pre§gure produced in the capsill A6 by 
the action of the lateral forces. This 
*iil evidently be = P, + Rj + tho re- 
w[re<l increment of the extra pressure 
Wought upon the inclined columns 
V the action of these lateral forces 

=x tan 0, where 3-= the vertical in- 
crement brought upon the leeward 
Wde and taken fi'om the windward . 
>iii«. Let fi be the vertical distance 
"l the point of api>liciition of Pj above 
4B. b the vertical height of the point of apphcntioi 




Fi-j. ICI. 



n of r,„ 



7;xAB = P,> 



fP,x?;. 



Let the stress thus found for AB, i.e., P. + P-j + j; tin 0, bo 
EuoUid Uy the symbol H. Then laying off H on any scale of tons 



tvc may dnitr a stress diagram in the usual way, as in Fig. 166, 
which will givo ub the etresses in any of the members. Hmm, 
iidded to those already found aa due to the vertical loads, giniu 
the stresses due to the combined effect of vertical and horixontil 
forces. 

It is noteworthy that in Fiif. 16o we have the external {ok» 
P,, F^, etc., acting on bcth of the uprights. This is because tt» 
structure is open to wind action throughout. No account is ttkm 
of the shelter afforded by the members on the windward side. lUi 
can, however, Iw allowed for in Fig. 166 by making e/'and/jriw 
than ir and m. There is do reaction on the windward side ofllif 
abutment when the lateral wind force only is considered. The toUl 

reaction on either side is (^/(i'i?. 166) +J(W + Wi+ ), Thelt^ 

should be tied together at the base, the tension being = mt {Fi^. 166)- 



ir*j*y 




Fig. 165. Fig. 16C. 

From the stress diagram we see that the total compression in GM 
IK greater than the tension in NS, the latter being ^compreasionio 
FK. So also compression in EJ = tension in LR. 

\\'ith the same system of bn.cing and wind on kft the positiw 
stress in LIl now — negative stress in OM. In the diagonals ind 
horizontal members the stresses are of ctjual amoiuit, but reversed b 
nature. 
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E each bay wore counter braced as in Fiff. 164, and the six 

s designed to resist tension only, the horizontal members 

iilways bo in oompi-esaion. If, however, only one diiigonal bo 

teh bay, as in Fiff. 165, all the members would have to be 

pied to bear either class of stress. 

Details of Cuttslni''liim. 
I must now consider the details of construction in various Dinji 
In timber, the simplest form is that shown in Fip. 167, '""' 
B there are two inclined stmts, iinited at the upper end by a 
, with a horizontal piece tying them together near the ground, 
traced diagonally. Such a form as this is suited when the 




a- may he pUes 
b may ie on- maaomy 



b is not great, and where there is only a narrow roadway 
If used with a wide platform there would bo coneidorable 
tncy to deformation, owing to the eccentric loading of the struts 
[to the tendency to bend In the increased length of the diagonals, 
liall as a bending moment in the capsill. Hence, for wider road- 
L two, or at least one, vertical is given intermediate to the outer 
L see F%ij. 168. The actual loading of these struts is indeter- 
^, but it IB probably sufficient if it is considered that the 
t lit each side is divided equally between two (if there are two^ 
Sformly among all if there ure an odd number. 
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The struU may either be of sijiiared logs or of round Bpui, adW 
ofT where the diagonals crou. 
X X Where the weight ia Ukelfto 

come alwaya at definite poinU 
on the capaill, as in th« cue irfa 
railway, it is evidently best to 
bring the ends of the colamiu 
directly beneath those points, n 
as to avoid bending momenU in 
the capsill and eccentricity of 
stress ill the struts. Figi. 169, 
170, 171 show some of the 
standard trestles used in Ameri- 
can railways. 

The question of the best form 
of joint between struts ami 
capsill deserves consideratioD. 
Mortise and tenon in all usa it 
not satisfactory for pennanat 
work, though it is good enongti 
for temporary bridges. A fom 
which is much used in AnMrics 
i^ shown in Fig. 172, where the horiionlil 
piece hb is made double and the Etnt 
notched on both sides, the whole bein^ 
secured by bolts. This form taciliuws 
repaii-s. The longitudinals (see hci, fi? 
172), which correspond to the bridgii^ 
joists in an ordinary floor, should be 
calculated as fixed beams unifornil; 
loaded. They should not be notched 
therefore, to the capsills, and preferabi? 
they should be formed of two or tbre« 
deep baulks, separated from each other 
by washers or tubing and bolted together. By having two or 
more pieces in each joist tliey can be made to reach over two or 
more spans and break joint. Where they terminate they sbouU 
be spliced by lai^e packing blocks cc {Fig. 172), notched down o^* 
the' capsill. 

Iron castings, or wrought plates, stamped or forged to fit ll» 
top of the verticals and the sides of the horizontals, and then spit^ 
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Fig. 168. 
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very good, for by using them all framing 



Kbels of wood are frequently used at the top of the trestlea to Corbnls ■« 
renter bearing for the longitudinals, and to reduce the span. jl^SSfc' 





Fiij. 170. 

Tiere trussed beams are not used, or even where the longitudinals 
•re strutted from below, corbels are not necessary. The shortening 
of the span cffeeteJ by their use is inconsiderable, they furnish large 
snrfaces for the penetration of water and consequent decay, and they 
*re apt to rock on their bearings and loosen the joints. The 
bearing ai-en of the capsiit nnd the strength of the joists at'e easily 
calculated, and the advantages of any corbel arrangement seldom 
'iiiiterbalanco their disiulv.'intagcs. 
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VUj. 172. 

Whore the bridge is high, economy demamla that the trestles 

:ild be iia far ajwrt as possible. In American railways, where 

. iljtr trestles are used, 25 feet ecutrea seem to lie about the maximum 

■j'.kii. lu road bridges this distance may be considerably increased. 

The BuiTOO Bridge (ViaU V.) has the piers 40 feet 6 inches apart. 
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Transverse Diagonals, — These are very important parte of the 
structure, as their function is the resistance of possible deformation 
caused by lateral forces of whatever kind. On low trestles, i.e., those 
less than 20 feet high, these lateral forces would be the lateral vibration 
of passing loads, as wind could have but little efiect so close to tiie 
ground ; but with trestles of greater height than the above, there is 
no doubt that the wind pressure will be the most important of the 
lateral forces involved. The diagonals are frequently planks spiked 
on to the outside of the trestle, but Professor Johnson has pointed 
out that this method of fastening is both unscientific and inefficient, 
because of the small bearing area of the spikes and their tendencf 
to bend under transverse stress. It would be well, if it were possibK 
to put the diagonals between the uprights in the plane of the trestle, 
but it is seldom possible to do so, because of other timbers which come 
in the way. Hence the diagonals must be fastened at the sides in 
most cases, but, in order to give as large a bearing as possible, it is 
advisable to fasten them with large wooden trenails, say H inches in 
diameter, turned to j^ inch larger than the intended hole. 

High trestles should be divided into panels or tiers, and diagonab 
introduced in each. 

Longitudinal Braces. — In timber construction it is necessary 
to provide longitudinal bracing. These should be arranged in 
the case of iron or steel piers to unite the pairs of trestles 
forming a tower or pier. Horizontal waling pieces alone are not 
sufficient. 

In road bridges these are not of (juite so much importance as they 
are in the case of railway bridges, because in the latter there is an 
enormous longitudinal pull caused by the re-action of the rails against 
passing trains, and a still greater contrary pull when the train has 
the l>rakes on. These must be resisted by longitudinal bracing, and 
this can be introduced in the direct line of the bridge, alternately 
from capsill to groundsill. They should, therefore, not be spiked on 
outside, as in Fig. 173, but be as in Figs. 174, 175. Professor Johnson 
remarks, " to omit them altogether, as is so often done, even in higb 
trestle work, is simply criminal." 

Where the trestle is more than 40 or 50 feet high there are various 
ways of effecting the vertical joints. They may either be constructed 
in tiers set one on the top of another, with an air space between the 
sills, except under the posts, where seasoned oak bearing planks are 
carefully framed in, or they may abut ; or cast-iron shoes may be 
made to fit both above and below. 
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Aa regards the dwkinff of woixlou railway bridges, the Americau Docking e*J 
nistora is to uao 8" x 8" ui'osa sleepers, spaced 16" centre to centre, bridges. 
lUtis leaving 8" space, which admits aii* to all sides of the sleeper. 
ThU is an obvious advantage, and there is also the advantage that 
tlie spacing allows ashes from the engine to fall through. For 
i-.iilway work barrels of water should be placed at intervals to 
cKtiHguish fires from sparks falling on sleepers, which are usually 
very inflammable owing to the creosote treatment. 




Fi(i. 174. 

ll'dis, l^pikes, etc. — Experiments made in America show that smooth ¥ns 
IhjIis have a greater grip than jagged ones. The holding power is 
greater after the bolts have been in tor some time than it is imme- 
diately after ilriving, a fact which corresponds witli the strength of 
piles (seep. 297, Part I.). The ultimate resistance of a bolt in "soft" 
limber may be token at 10,000 lbs. per lineal foot for a 1" bolt. 
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:he columns. 




Fig. 175. 



Screw-bolts have a resistance 50 per cent greater than plain round 
bolts. 

Where two surfaces of timber touch they should be painted with 

white lead or tar, and the 
bolts should be coated with 
white lead and linseed oil, hot 
or cold tar. 

With iron piers, the diago- 
nals should be tension ban 
made fast by pin and link 
connections to gusset plates 
(or some such device), on the 
verticals of the trestles 
Means should be provided 
for tightening these up if 
necessary. 

As the cost of the piers 
increases rapidly with the 
height, it is necessary to use longer spans with high piers than 
would be required with low ones. 

The trestles should be designed to be stable against lateral pressure 
Avithout the necessity of anchorages. This obviates the necessity of 
much masonry at the bases of the piers and long anchor bolts 
connecting the piers with the masonry. 

The batter of the columns varies from 1 J to 3 inches to the foot M 
the bridge be on a curve, the outer columns should be given greater 
batter than the inner ones. At the foot of the column there should 
be a sole-plate, generally a horizontal plate planed to a smooth 
surface, and fastened by angles to the columns. It rests on a bed-plate 
bolted to the masonry, the area of which is sufficient to distribute 
the pressure without exceeding safe limits of the available strength 
of the masonry. 

The holes for the bolts should be slotted in the sole-plats, so as to 
allow it to slide upon the bed plate. 
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CHAPTER X. 



Arches and Domes. 

Difficulties attending Investigation. — Definition of Terms. — Parabolic 
Theory. — Principles of Wedge. — Line of Resistance.— Scheffler's Theory. — 
Example. — Abutments. — Domes. 

\lthough masonry arches have been successfully built for Arches. 
jentiiries — indeed, the origin of this form of construction is lost in Origin of 
mtiquity — the principles of their design are still very imperfectly S^l^'not 
inown. known. 

At first it would appear that the same principles which have been Difficulties oi 
ipplied to any other form of structure spanning an opening might ^" ^ 
be applied to the case of this particular method of solving the 
general problem. Where the span, the method of fixing, and the 
loads are known, we have no difficulty in ascertaining the bending 
moments produced in the span as a whole, and it might at first 
sight' be supposed that to arrange the construction of the masonry 
arch in such a way as to resist exactly the variations in the 
ascertained Moments of Flexure ought not to be a matter of any 
difficulty. 

It has been p)ointed out in Chapter VI., when treating of arched Rules for 
ribs, that if an arched rib of any given form be subject to any given ^^{^ apSic^^ 
loads, the Mf curve for those loads can be drawn with ordinates corres- able to 
ponding in proportion to the rise of the given arch, and that the Mf at °^*^^'^'J^' 
any point produced by the loads can be measured from the difference 
of the two curves. It would at first sight appear that this procedure 
^"ght to be applicable to the investigation of arches of any given 
^terial and form. Whatever the given form of the arch may be, 
there must be some arrangement of the loads which would give a 
"f diagram closely corresponding to that form, and it would 
apparently not be difficult to arrange that the actual moments 
I'roduced in the curved arch ring should bo met by the design of the 
**'"§ and the materials employed, much in the same way as the 
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bending moment in a wall proii>u:o(l by tho action of lateial forcL-* 
13 met by the armngement of tbe material (see pp. 298— 321, Part I i. 

Unfortunately, there is tin initial flaw in this reasoning, whicii in 

most eases renders acciiracy impossible. We havo begun tn 

' assuming (i.) that the external forces acting on tbe arrh ringuf 

known ; and (ii.) that the method of fixing is known. In most cisi ■ 

neither of those asBiimplions is justiRed. 

As regards (i.), if the arch were supporting a fluid, there would i"' 
no difliuulty. If it were Supporting \Feights that were tntnemillo'i 
to it by vertical walls, there would be comparatively liul*' 
uncertainty. But as it usually supports a covering of earth, wilh ^i 
roadway above, subject to tho weights of passing traffic which are 
transmitted to the arch ring with a greater or less distribution 
according to the nature of the intervening material, the actual 
loading must be largely a. matter of conjecture. 

As regards (ii.), it is evident that in ordinary cases the GnDg 
must produce at least as much complication as we have seen it liom 
in the case of arched ribs of metal fixed at the ends. 

It is true that both the limitations jnst mentioned have been 
''overcome in practice. For example, in a concrete arch IGt'sjiaiv 
16' 5' rise, constructed recently over the Danube at Mundvl " 
the arch is bingod both at the abutments and at the crown, wlu 
the difficulty about fixing is overcame, and the weight is trsi 
by means of vertical spandril walls rnnning parallel to the line of 
bridge.* This arch was designed to bear a distributed load of ^i^ 
per foot super + the dead weight of arcb ring and roadway, etc Tha 
spandril walls brought tbe weight on known points. 

Arches have been designed in the United Kingdom od ^ 
princijilc of the inverted suspension bridge. The procedure i«i f 
lay out on a vertical board, to scale, the span and rise of a gi"" 
arch, then suspend from hooks, which denote on the boanl tbe en*'* 
of the span, a chain whose links correspond in weight to the weigh" 
of the proposed arch ring and its superincumbent load, with esW* 
links, capable of I>eing attached at any part, whose weights similwl? 
correspond to the weights of passing loads. The curves aseumed hy 
the chain in tbe various jMsitions, due to the application of tbB 
passing load at various points, are carefully marked on the vertif^' 
boai'd, and the arch ring is then designed so as to include wiihi" 
the centre third of its thickness all possible positions of the tO'<''' 
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• « 

3d is practical, but it could only be strictly applicable to a , 

IS that of the Munderkingen bridge, where the ends were ^^-l/ 

e weights vertical, and (an important point) where the 
vas thoroughly bonded together. 

arch would, in elevation, be of a curve nearly correspond- Value of abut- 
)arabola. The horizontal stress H in it would be nearly 
tnd the thrust on the abutments would be H sec 0, or 

as in the suspension bridge. This thrust may be approxi- 

:en as acting in most arches at a point on the joint ^ of 
ess from the springing. 

thod, however, would only be approximately correct, and 
r method of investigation is desirable. 

Definition of Temis, 

going further into the general theory on the subject it is Definition of 

to define the terms used in the description of arches. terms. 

Ige-shaped stones or bricks of which the arch is built are VousRoirs. 

i^oirs. 

3rior or concave surface of the arch as a whole is called Soffit. 

ection of an arch, as shown on Fig, 176, the inner line is Intradosand 
intrados, the outer line the extrados. exnuaos. 




Fig. 176. 
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Where the arch begins (A, C, Fig. 176), the point is called the 
springing^ the highest point (B) being the a'own. These may be 
referred either to the intrados or extrados. 

At the sides there is an indefinite part of the arch called theAatmci 

The inclined surface of the abutment at the springing against 
which the arch rests is called the skewhack, 

SjHindrih are the parts of the structure between the extrados and 
the roadway. 

Other terms, such as abutment, skew arch, groined arch, etc, are 
probably already familiar. 

Wtdfje Theory. 

Wedgi' thiH>ry It may assist in the understanding of the arch principle if we consider first 
the action of the wedge.* 

Let ABC {Fifj. 177) represent a wedge of hard material driven between tw<^ 
solids by a force P. Let the angle BAG = 26^. Tlie wedge will be kept Id 
equilibrium by the rtMictions K and R', and by the force P (neglecting for the 
present the friction exerte*' by the sides). The direction of R and R' will be 
at right angles to BA, AC. Produce R and R' to meet at a, and complete the 
parallelogram of forces, drawing ad on any scale = P. 

Then R:P:: a/> lad, 

::AB:BC. 
::AB:2BD. 



R = 1%AB 



.(i.). 



2 BD 2siu^ 

Now if we include the effect of friction along the planes AB and AC, we know 

from the principles of statics that F the total 
friction = R tan a where a is the angle of repose 
of tlio material (see p. 306, Part L). In the 
case of stone without mortar tt = 33^ hence 
tan a =-65. With fresh mortar a = 37" and 
tan a = -7'). (This proves that when an arch i» 
built of stone it will require no support from 
the centering until the joints make an angle 
of 37" with the horizontal). Call tan a:r/i. 
then F=/iR. On Fi'u- 177 draw />e=F on the 
sivme scale that a</=P, and draw />/" parallel 
to AD. Then hf represents the resolved part 
of F that is directly opposed to the force P on 
lurh side of the wedge. 
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The total force Q tliat friction opposes to P is measured by 



2hf= 2 X he X ^'f= 2hi cos = 2F cos ^ ^ 2/iR cos 0, 
he 



which from equation (i.)- - 



-/LiPcot f). 



.(ii.). 



* Partly taken fi-om Tam't* Mirhaniof of Architccturv. 
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Circular seg' 
mental arch. 



Fig. 178. 



The forces acting on the wedge now become P -r Q, the reactions R and R% 
Dd the effect of friction on 
besides, /xR and /xR'. The 
riction on the sides opposes 
be force P in pushing in the 
redgo, but it opposes any 
litempt in the opposite direc- 
ioD to withdraw it. So long 
s Q is greater than P, the 
redge will not be pushed 
•ckwards by the reactions 
K and R' after the pressure P 
B removed. 

Applying this to the case 
<f an arch built of voussoirs, 
rhieh radiate towards a com- 
OOD centre : — Take any one of 
beee EIFH {Fiq. 178). Now, 
rhatever be the magnitude 
ad direction of the load 
oming on the extrados FE it 
n certain that there will be 
ome part of it P which, re- 
oived in the direction of the 

idius dO, tends to drive the wedge in. If we know the vertical force p acting 
'n the surface F£, we can find P for P=p sin , since 

. . dh V 
sin = -- = , 

dc p 

rhere^is the angle which dO makes with the horizontal. 
Now from equation (ii.) — 

Q=/iPcot ^=/ijosin0cot^ (iii.)> 

nd the voussoir will remain in its place as long as the vertical components of 
UR' are less than P + Q. 

When a horizontal roadway is borno by an arch which is either a semi -circle 
^ a segment of a circle, and therefore has a constant value of ^, as 
pproaches 90** sin gets greater. When becomes very small, i. e. , from the 
t^unches downwards, the value of Q rapidly diminishes unless we increase p. 
I^pce in such arches it is necessary to add to the weight on the haunches, so 
8 to prevent failure by the increased reaction. 

If instead of adding external weight we make the curve flatter at the Parabolic seg 
Punches, we increase the value of <p and decrease that of at those parts, and cental arch. 
^ 80 doing increase both sin and cot 0. Thus in Fig. 179 the arch is made on 
^ree centres (two of which are shown), so as to approximate the parabolic form. 
*J»e two curves touch at the joint BB'. The value of for the voussoir 4 ia 48**, 
whereas if the curvature from the crown had been continued it would have 
*en i(f. The value of for voussoir 3 is 54**, and is 6 J", whereas $ for 
'Hiaaoirs 4 is 2". 
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Advantage of 
tlatteniiig the 
arch at 
haunches. 



Joint of ni))- 
tur»'. 




\S¥ 



Taking the value of /> as the same in both cases (really in pracUoe it would 
be greater in vouRsoir 4 than in 3), and substituting in equation (iiL) nlnei 
of fi (for stone and fresh mortar) sin , and cot $, we have — 

For voussoir 3— P + Q =/> x -809 + lop x -809 x 87 = 6-079 p. 
For voussoir 4— P + Q=/)x 743+ TSpx -74x28-6=16*66 />. 

If the circular form ha<l been continued f would have been =41% and P+Q 
would then liave been = 4 -88 p. 
So that by flattening the arch at the haunches we have ounsidenUy 

increaseil its itabili^f 

without going to the «• 

pense of adding ezteml 
weight. 

This is a oorrobofatioi 
of the view alladed to 
above, that the eoooomie 
form of an arch voder 
equal vertical loads 
approximates the pin- 
bola. 

The question, however, 
will naturally follow :- 
Even assuming we do 
know the vertical losdi 
coming on each vooasoir, 
how can one tell at wliat 
point the flattening of tiie 
curve should begin, «wl 
what degree of curvature 
should be given ? 

This question is one to 
which no direct answer can 
be given. It is evident 
that, unless the arch be » 
designed, either purposely 
or fortuitously, so that 
the pressure of external loads produces uniformly distributed compression at 
every joint (an ideal state of atfairs, the converse of a suspension bridge), in 
most cases there will be a joint where the bending moment produced in the 
arch ring is a maximum. This joint is called the ** joint of rupture." It is 
also defined as the joint at which there is the gi*eatest tendency to open at the 
extrados, since the effect of the maximum bending moment will be to crush the 
masonry at one side (the intrados)an(l open it at the other side, as in Fig. 274, 
p. 303, Part I. 

Professor Rankine {Applied Mechanics, pp. 199 — 204) has investigated this 
subject from a mathematical standpoint with the thoroughness of research ^ 
which lie was master. Into these investigations it is not intended here to 
enter, especially as the determination of the point can only be found hy 
approximation. 
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we see that a segmental arch tends to fail by sinking at the Joint of rup- 




pening out at 
i, lOS shown in 
I that to pre- 
sonry backing 

generally in- 
ar as the joint 
This joint lies 
(li US- makes an 
rom SS'* to 45° 
zontal. 

Rankine gives 
^ graphic in- 
jr finding the 
ure and angle 
which has 
alluded to on 
[.: — 

iy point in a loaded arch (Fig, 181), and let the vertical line oh 
resent a scale of loads, taking oA = P to represent the vertical load 

the arc AC. Draw oc parallel to the tangent at C, and through 
■izontal, cutting oc in c. Draw several similar lines oc', oc'\ etc., 
e tangents to the rib at various points, and the corresponding 
les h'c\ etc., representing the horizontal thrusts. Through the 
, etc. , thus found draw a curve. The point d in that curve which 
om the load line oh will indicate the point where the horizontal 
ximnm. Join orf, and find the point in the arc where the tangent 
orf ; this is the ** point of rupture," and the "angle of rupture 



ture m seg- 
mental arch. 



To find uoint 
and angle of 
rupturt*. 



Fig, 180. 
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"ig, 181. 




Fig, 182. 



Line of Resistance of the Arch, 

arches of a parabolic form ore theoretically more stable Line of 
of a circular form, yet, inasmuch as the latter are more 
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common and are easier to conBtruct, we must devote attendon to ' 
their stability. Our investigation, so far, has only brought ni ta 
recognise that in an arch, either a semi-circle or approaching a icm- 
circle, pressure (rom without on the hauncbes is Decenaiy te 
presen'e equilibrium, and that at some point between 35' and 45* 
from the horizontal there will be the greatest tendency for the tnk 
to break. 

We might have arrived at a somewhat similar result if we hid 
considered the arch as an inverted chain. If we have a chain loadad 
with weights corretpood- 
ing to the vertical weights 
on vOTissoirs, their endi 
terminating on s horv 
zontal lino, corresponding 
to the roadway in i 
bridge, we have seen, in 
Chapter VIL, that the 
natural curve the cbata 
would assume would i» 
very nearly a parabol* 
(Fiff. 183). To make that 
curve circular we must 
apply extra weights at 
and D (Fig. IS.')). Conversely in the circular arch we have lo 
apply weights at the haunches. 

It we consider the voussoirs to be made with curved surfacK 
which will assiims 
various positions 
under various loails. 
we cau see that tHt 
line joining the point* 
of contact of the stones 
will correspond eisctlr 
to the inverted eun'f 
of a suspension bridge 
chain (unstiffenedt 
(Fif/s. 184 and 18S). 
This curve is the Lint 
of Resistance. 
The Line of Resistance in any masonry structure has been 
defined on p. :!99, Part L It is the line which joins the poin'* 
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lere, in a succession of joints, the line of the resultant of all the 

'ces acting on the 

wonry above each of 

3 joints in succession 

ts the joints {Fig. 

0, p. 300, Part I.). 

an arch the investi- 

aon is genei-ally 

Tied out with re- 

ence to a series of 

issoirs. The greater 

\ number of the 

issoirs, and the consequent number of joints, the more nearly 

1 the Line of Resistance approach a curve, and the greater the 

;uracy. 

To obtain a clear idea of what is meant by the Line of Resistance, Example of 

US suppose that the half- arch in Fig, 186 is constructed of four ta^^ In an 

arch. 




Fig, 185. 




ussoirs, and that the resistance of the right-hand portion of the 
ih IS replaced by the force T, whose magnitude, direction, and 



point of application are assiimod to Ija known. Let the resiilUin'L 
pre^aiircs acting on the voossoirs (including the weight o[ the stotiM 
bo P,, Pj, Pj, P,. The vousaoir 1 is held in equilibrium Iij tl- 
forces T and P, and a reeiiltant R, acting at the point X, in tin 
joint between 1 and 2. X^ is found by draw-ing ah and a<- U' 
represent T and Pj and by completing the jinrallelogram forces, u- 
that ad represents K,, and the position of its action is found 1>v 
producing ad. Similarly vousaoir 2 is held in equilibrium by R,, V. 
and K,, tlie last of which is found similarly to act at X,. In \ii<' 
manner the points X^ and X^ ai-e found. The line joining X, X. 
Xj, X,, etc., ia the Line of Resistance. 

It is clear, however, that the aceuMte determination of the above 
depends on the accuracy with which we can fix the external forfi^ 
P„ Pj, etc., and also the value, dii'Cetion, and position of tli.' 
horizontal force T. These raattera will be subaeijucntly inveatigaieil 
At present we assume that the external foices at least are known m 
magnitude, direction, and point of application. 

8»fet}> ii(fniiiHt If the arch ring be eo designed thai the Line of Resistance lie.'^ 

cri^i?ii(r'i»ad everywhere within the limits of the ring, every voussoir will Iw mi' 

ididing. against oretiuming. 

If the position of the Line of Resistance with reference to luiv 
joint, and the amount of tbe normal resultant pressure on that joint. 
be known, it is possible to ascertain (on the principles explained «n 
pp. 301^305, Part I.) whether His arch is safe itgniTist aiishing aii'l 
opening at the joints. 

If the direction of the resultant pressure be known at every joint 
and compared with the direction of the joint, it is possible W 
ascertain whether tlie arch is siifo ayainsl sliding at that joint 

Thus if we can accurately fix tbe Line of Resistance in an Ufb 
ling of any given form, we can investigate without difficulty, witii 
reference to each joint, the three conditions of stability, vij.. against 
(i.), overturning; (ii.), crushing; (iii.), sliding (see pp. 298— Mii. 
Part L). 

StftUlity It will be obser\'ed that while the stability of the arch ucaiuf' 

KBaillHl iJldlllg . - J ■ t ■ 11 , 

dppendB on overtumnig and agamst crushing are dependent on the same con 
^'r^"""^ ditions, the stability against sliding is dependent only on ll"' 

direction given to the joints, and any possibility that thtre may I"' 

of one voussoir sliding on another may bo met by alteration in tii"' 

direction. 

We have, therefore, in order to investigate the conditions oi 

stability, first to oj-sume the form of our arch, either copying •iw' 
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' vistin^ arch, or working by formula! such as those tif Traiitwiiie (see 
(jp, 3i,t — 325, Piirt I.), or guided by suth investigalioii as wo have 
considered above in connection with the wedgo theory and joint of 
rupture. Our next step is to apply to the given arch the rules for 
uecertaining the Line of Resistance, and if this does not lie within 
ihe limits of the arch ring, the depth of the voussoirB must either be 
iiltored, or the form of the oiirvuture changed. 

Aa regards the limits of the Line of Resistance, Professor Rankine L 
hu suggested thiit it should not Ho anywhere outside the centre tr 
third of the ring, and that although " arches have stood, and still " 
stand, in which the centres of resistance of joints fall beyond the 
middle third of the depth of the arch ring ; but the stululity of such 
arches ia either now precarious, or must have been precarious when 
Ihfl roortar was fresh,"* Sir Benjamin Baker, however, has atatod.i 
with reference to t!iis, that " Considering that at least 90 per cent. 
d all the arches in the kingdom were necessarily in that condition, 
il w.is very imjwrtant that some protest should be made against such 
m inference from a theory which e\'en Professor Rankino himself 
did not accept in other masonry works." We may, therefore, be 
jostified if we extend the limit to the central half of the jrch ring. 
This is Dr. SchefHer's limit. 

As regards the limit of the maximum pressure it is customary to 
allov u factor of safety of 10, i.e., the maxinium intensity of pressure 
ou Miy joint shall not exceed y^ ^''^ ultimate crushing strength of 
■hu atone masonry, concrete, or brickwork of which the arch ring is 
Will. 

Open joints in the extrndos of an arch are especially to bo guarded 
■igainat, as they may admit water, which may freeze, causing |: 
increased internal stresses. For this reason the extrados should be °i 
"ivered with a layer of aaphalte or cement. 
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Frinnpte of Least Renisliiiwi: 
B from Fiij. 186 that if the position of the c 



^ altered, the Line of Resistance will no longer be that shown, but ^ 
iMy differ from it considerably and yet lie within the limits of the 
arcb ring. Thus if we take different values and positions for T {the 
■"rizontal thrust) we may di'aw an infinite number of Lines of Re- 
'I'lance, each consistent with equilibrium. The question then 



:.u,u.t,Tin.,, p. 417. . 

a oj frocecdiiigt, Intlilitlioii of Civil Enyiiu-'r; \ ol. CXV, 
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Joint of hori- 
sontal thrust, 
in symmetri- 
cally loaded 
arch. 



Value of hori- 
zontal thrust. 



ari8e.s, which of all these is correct The theory which is most 
usually adopted by engineers is that which is known as tike 
Principle of Least Resistance, or least horizontal thrust ; it ii 
based on the following principle, first proposed by Canon Moseley, 
and afterwards elaborated by Dr. Scheffler: — 

" If the forces which balance each other in or upon a given body 
or structure be distinguished into two systems, called respectivdj 
active and passive, then will the passive forces be the least wfaick 
are capable of balancing the active forces consistently with tiie 
physicial conditions of the body or structure." Assuming, therefore, 
that the thrust at the crown is a passive force called into action by 
the external forces, it will be the least possible that is consistent with 
equilibrium. 

This theory furnishes a condition by which, if the external forces 
and the direction of the thrust are known, the Line of Besistance 
can be found in the given form of arch ring. 

It is evident that at some joint of the arch ring, imaginary or 
real, the thrust will be horizontal, just as at some point in the chain 
of a suspension bridge the tangent to the flexible curve will be 
horizontal. In an arch of symmetrical form and with a symmetrical 
load this joint of Iwrizontal thrujit will evidently be at the crown. In 
other cases its position will be found by methods which will be 
hereafter explained. In the theoretical investigation of stability the 
joint of horizontal thrust is always the starting point of calculation, 
although it must be clearly understood that such a joint is an 
imwjinnry plane <lrawn in a radial direction through the arch ring. 
It will not coincide with any actual joint of the masonry, except in 
Gothic arches, because there is always at the crown of an arch (at 
or near which the thrust is horizontal) a keystone, or voussoir, with 
both sides inclined at the same .ingle to the horizontal. 

To find the vahu* of the horizontid thrust, when we know the 
position of the joint: — Let W {Fig, 187) be the sum of the known 
external loads (including the weight of the voussoir) acting at their 
common e.g. Let a be any arbitrary point in the skewback, and let 
CD be the length of the joint of horizonUd thrust. For equilibrium, 
taking moments of T and W about (f, Tymust = Wxa:. For the 
same position of «, Wx is constant, and T x y is also constant, there- 
fore for T to bo a minimum, y must be a maximum. 

In this investigation, however, it hjis been a.ssumed that the 
common e.g. of all the loads on the arch has been found. This will 
not usually be the case at first. Generally, the problem to be solved 
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>\v to find the value and point of application of the horizontal 
ist where there are a 

is of voussoirs loaded ^ 

I known weights. 
188 represents such a 

• 

et ABCD {Fig, 188) 
esent a portion of an 
I ring of any form 
veen the joint of hori- 
tal thrust CD and the 
nging AB, and let the 
;ical and horizontal 
iponents of the weights 
the voussoirs be w^, 



w 



and K* h 




i» 



►2> 



Fig, IS7. 
... respectively, and 

T = the horizontal thrust act at some point in CD, such as a. 

lie areA within which the Line of Resistance must lie is limited 




Fig, 188. 



he central half of the arch ring we may take A& as ^ AB, and 
18 f CD. Take moments round b, the lower limit in the joint 

Q 



at the gkewback, let the arms of the moments of ' 
Xy, a^ of h^, Aj be i,, k^ , and of T lie >/. 

Then Ty = ip,x, + uijXj +A^i, + A^-a... .. 

= Sine + SAA, 



hence 



■T = :fl 





If ti 


en with lhi= 


V 11 Line of Resistance sUrtirj 




at tt, at 


il ending at 


1 that when drawn it lies within 




thti pn 


scribed limi,_ 


e wlwU. of the central atrip, tbit 




will be the true ] ai 






The methwl of r' 


rticaJ and horizontal componenU 




of extei'iiiil pressu.^ .,■ 


d later. 


rixoDtal 


When thoarohisi 


ly loaded the joint of horiionWl 


dlftNIlot 


thrUHt 


v'ill occur where 


radial plane divides the arch int^' 



uMtrioftL two parts, such that tne h 



[ eark part and its vi'rticol land i* 



t^ial to ilie verikal retuJum iil Hu ndJMnU aiiulTnent. Thus, in Fig. ISD, 
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let the vertical loads on the arch ring be all known, so that t.l>* 
vertical components E[, Rj of the reactions at the abutment* '■''^^ 
known from the ordinary method of obtAining reactions id a 1x9^'^ 
of given length under given loads at fixed points. Then, from tb* 
known vertical forces, we can ascertain liow much of the arch and i** 
load is equal to E;, and how much to Rj. If ABEF be that portio" 
of the ring and load, the vertical component of which is equal to K»' 



CD that portion eijiiiil to R^, A_B ia the joint of horizontal 
.\S"or if wo take the weight of the portion ABGH between 
■ the crown, and know, by hypothesis, that its weight w ia 
tin the reaction Bj, we see that these equal weights tend to 
A negative couple whose moment is wx. To maintain 
um, there must be a positive couple furnished by iho 
^ componeot h' of the thrust on SImA, and the horizontal 
Rit of the reaction A, This couple has a moment h;/. The 
I of h^ and w acting on Bba\ must therefore act towards the 
■Dtment; hence the Line of Resistance must be inclined 
[tliat abutment, and the resultant thrust cnnnot be horizontal 
kLirtO of Resistance reaches AB. 

ivB can find the joint of horizontal thrust if we know the 
■acternal forces. 

m rule for finding the joint of horizontal thrust is that it 
ieally below the common centre of gravity of all the external 

idps which must be taken in the investigation of the true fwpn lutip 

of the Line of Resistance therefore are :— wuclJ^""? 

!nd the joint of horizontal thnist. If the arch and load are Httustw we. , 

^cal, this will be at the crow-n, otherwise it will be that 

^th divides the ring in the manner just indicated. 

[ikrk on the arch ring the position of the central half aiud 

•certain the external loads on a portion of the arch ring 
i^wcen the joint of horizontal thrust and the springing at C. 
rertical line through the centre of gravity of tliese loads. 
find this will bo presently described). 
ben begin by considering the horizontal thniat at AB to be 
pn consistent with stability, and therefore acting as high up 
tie within the limits ab. In other words, take moments of 
bt Wj and the horiKontal thrust T round the lowest limit 
19 in CD, i.f., the point c. Then 






ch 



= Txck, 



: (Fuj. 190). 



fith this value of T start drawing the tri'il Line of Resistance. 

s within the limits prescribed, it will, according to the 
BJlpseley ttnd Scheffler, be the tnic Line of Resistance, 

, if this trial line falls outside the proscribed limits, 
«2 



another line must be drawn, taking the point of action of T ■ lit^ 
below b, and as ck will now be less, T will be greater than bsfore. 

(7). The limiting values of T are : — A minimum when it ii tilra 
as acting at b and moments are taken about c, and a mazimnm*lut 
it acts at a and moments are taken about d. 




Fig. 190. 



(8). If after repeated trials it is found that no value of T will p« 
a Lino of KesisUkncc falling anywhere within the prescribed liniiis 
the arch is unstable, and the form of it will require alteratioD. 
Either a new thirkneAs of ring should be adopted, or the kaib iniKl 
be rearranged, or the curvature at the arch must be reconsiderei 
and the process, as above described, repeated. 



Gnijihic Dmjraiii of Lavls. 

In drawing the Lino of Keaistaneo, instead of drawing on the ai™ 

^ ring itself all the panillelograma of forces as in Fitj. 1 86, it is endeirt 

that we can represent all the forces acting on the figure in a separate 

polygon as iib k, where ab represents the horizontal thrust T, 

and bd, ilg, (!j,jh I'epresent the extei-nal forces. This saves a con- 
siderable amount of drawing and confusion. It is the same it 
drawings i>olar diagram and funicular polygon, as in the case of 
arched ribs. 

Therefore (if we know the magnitude, direction and point ol 
application of the external forces) we may construct a diagram oi 
the forces acting on the arch ring by first drawing to scale 01 
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r 193) the calculated value of T, the horizontal thrust, then 
wing BA from B, in magnitude = P, and parallel to its direction. 
thnilirly, draw BC on the other aide of OB in magnitude = Pi and 
lamllel to its direction. In like mnnner all the other oxtemal forces 

■a be drawn ;)|, p,„ ;>, p,,, equal and parallel to Pj, Pj Y'^^^. 

Then join their extremities j with O. On Fiji. 191 draw 06 at the 
loiiil of application of the horizontal thrust horizontal until it cuts 
h« directions of P^ and P- at a and h. From a draw ad parallel to 
)A, meeting the direction P,, at il, and from h draw be parallel to 
)C, meeting the direction of Pg at c. In like manner complete th« 
Onicular polygon. The (joints (marked x ) where this polygon 
uts the joints on Fii/. 191 give points on the Line of Resistance. 
{ this falls vrithin the prescribed limits, well and good - the line thus 
ound is (on Moseley'a principle) the tnie Line of Resistance. If 
he line is beyond the limits anywhere, a fresh and greater value of 
)B must be taken, corresponding to a lower position of 0, and a new 
»olygon of forces drawn (the values of Pj, P^, etc., being as before). 
S this does not satisfy equilibrium, another value must be tried, 
wd if no position and value of OE will give satisfactory results, 
rither the form of the arch ring must be altered, or the external 
loading in some way re-arrangcd. 





Fiij. 191. Fiff. 192. 

h method of working by trial and error is tedious, and il is 
of advantage to I'educe the labour involved by any 
expedient which will indicate, after the first trial Line of Resistancs 



has been drawn, the position of the line which is likel j to ^re the 
most favourable results. This is ascertained as follows : — 

In Fig. 193 let the first or trial Line of Beaistance be that indi- 
cated which passes with its maximum deviation above thelimitxtf 
the centre half at'the joint FF', and its maximum deviation balor 
the limits at EE', and let / and e be the two points on those, jointi 
through which it is desired the curi'e should pass. The iona of tin 
true Lino of Resistance will be as indicated in dotted lines. 




Fhj. 193. 



Let W, be the line drawn through the known e.g. of FF'AB,»iid 
\\.. be the Hue tlrawn through the known e.g. of EE'AB. Ixit T be tbe 
new uuhxoiai value of the horizontal thrust, and let x be the uwfaic"" 
vertical distiince al>ovc or below /of its point of application. If** 
take K aa the known vertical distance of / above e, we can find the 
values of the two niiknown ([Uantities T and x aa follows : — 

Taking moments about/ — 



Tx 



t\\\h . 



,-.(4 



and taken moments about c 



T{<t. + J-)-=±\V,< 



From («) and (,)) wo ascertain T and z, and can at once dm*'!'' 
Line of Resistance shown dotted on Fiij. 193, which will passtbroi^ 
c and /. 
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rely grapliic method of aacerLiiniiig the c 

intly iiaeii in connection with this. Let it 

quired to find the position of the vertical 

Igfa ABXV {fiij. 193), ft portion of the arch 

&B the right of the crown, divided into 

■nssoirs, the weights on which are known 

Br simplicity in this cuse are asBumed to 

oitical). Draw the line al'rde {Fi'j. 194) 

i;al, in which ah = P,, l/c = P., etc., and take 

roiiit O joining Oa, 0/' Of. Then dmw 

^ Ce parallel to Oa, meeting the direction 

', and from x draw xt/ parallel to 06, meeting the direction 
V- Draw y^ parallel to Of, m' pai'allel to 0(/, From the 

fif on the line of P^ draw s'Q [tarallel to eO, meeting tlie Cj; 

U«d at Q. Then Q is evidently on the line of the resultant of 

le forces, i.e., is on the line of their common e.g. 

I this principle it is possible to determine the Line of Resistance 

brch where it is evident from the small rise that the Joint of 

mb must be at the springing. Let Fit/. 195 represent an arch 





Fi-j. 19.-. 



Bpiin = 5 times the rise. Draw A_B to represent the loads 
Pft + P^ + rj + Pj + Pi and take any point 0, joining OA, OB, 
Ox^, etc. Draw the trial Line of Resistance CE, and, as above, 
ihe position Q of the line through the e.g. Now, in order to draw 
~> Ijne of Resistance CD, wo must bear in mind that the aeg- 
K'the urch is kept in equilibrium by three forces, the horizontal 
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thrust at C, the weight acting through Q, and the reaction at D. As 
the first two intersect at Q, the line of action of the third most 
be DQ. Draw AO' parallel to QD, and join O'a^, etc., as shown io 
dotted lines. These represent the true pressures on the joints, and 
from them the true Line of Eesistance can be drawn as shown in 
dotted lines. 

This is the most expeditious method of obtaining the true line of 
Resistance in a segmental arch. By this means the tronhleBome 
calculations for the position of the common eg., and for the value of 
the horizontal thrust, are avoided. 

External Loads^ their Magnitude and Direction, 

external In the investigation which we have considered above we have 

'•^ assumed that we know the magnitude and direction of all the 

external loads, but, as pointed out at the beginning of this Chapter, 
in most cases there is much uncertainty about the actual loading. 

In an arch acted upon by a fluid, such as the case of a shaft of 
any material standing vertically in water, the external pressure will 
everywhere be normal to the tangent at the extrados, the Line 
of Resistance will assume the form of a circle, and the problem is 
simple. 
»peH8urointhe With the ordinary case of a road bridge having earth fiUing above 
M«of a road ^j^^ 2irch^ the pressure will not be normal to the tangent, nor will it 
be all vertical. Frequently in books treating of the arch the load 
on any voussoir is assumed to be all vertical, and to be that con- 
tained between two imaginary vertical lines drawn from either end 
of the extrados of that voussoir to the level of the roadway above, 
plus the weight of the voussoir itself. This can only be true when 
the depth of earth filling is inconsiderable. It is not generally 
considered, for instance, that the arch of a culvert under a high 
embankment bears the whole weight of the earth vertically above 
it, although undoubtedly the weight in the centre of the culvert 
longitudinally is much greater than at the sides. 

Vessureof Professor Rankine* has shown that the horizontal pressure of 

arth. ■* . 

earth at any point cannot be greater than r— ^ , nor less than 

•^ ^ ^ 1 - sm 

~ . — ? times the vertical pressure, d> being the angle of repose. 
1 -I- sm 

Professor Baker has pointed out that if ^ = 30^ the minimum value 

* Civil Engineering J p. 320. 
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the horizontal stress will bo ^rcl the verticiti prossure, and that 
though the method of ramming the earth filling will have an 
ipreciable effect on the amonut of horizontal thrust exert«d, it is 
iprobable that however carelessly that ramming is carried out it 
ill reduce the thrnst below the minimum juat quoted. Hence the 
irizoutnl intensity may be tjiken as = J wA, where w = weight per 
ibic foot, and A = height or depth of any vertical plane under 
rtb pressure. 

An arch, however, may have (rjuo may tiny it always has) Bpauilril Hltinf; nf 
iBonry above its eitrHdua ot a different specific gravity to the eaith filling. Or 
may itaelf lie biiUt of concrete, it may havo masonry sp&ndril lilliiig, and then 
rlh, or metalling, or aomo other weight of a totally ililferont nature, soch 

wster in a canal aqueduct, ot raili and Bleepera, oh in a railway viaduct. 
aw. then, (ran we reduce the load on a diagram to a conunon factor which 
ill enable lis Lu apply the mles for the investigation of the Line of lUBistanui T 
nu amy be found either analytically or graphically : — 

|a). Analytically we may take moments of the entire mass and its component 
irtx rouoil any point, aa b {Fig. IStJ). Let x bo the horizontal distance from 

«[ point nf the vertical through the common e.g., x,, x, the horizontal 

nown) distanues from the eame point to the vertioils through tht- e.g. of llic 

'jwrate masseii, in,, te, [Fig. 188). 

Tlmn ■^^"■.=r| + ..7,=r,4- _ 



('>). Graphically. "The first step is to reduce the actual load upon an Rudntwd In 
■ch, including the weight of the arch ring itself to an equivalent honio- '■'"ntont. 
meouB load of tliu same deoeity as the arch ring. The upper limit of this 
Mp'nary loading is called the rrduecd load eontaiii: For example, Huppuse 

it rei[uired to find tlie reduceil load contour for the arch loadal oa in 
ifi. IBO. Awuine thnt the weight of the arch ring is lOU Ilia, per cubic foot, 
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that of the rubble backing 140, and of the earth 100. Then the ordinate at a 
to the load contour of an equivalent load of the density of the arch ring is 
ofjual to a6 + 6c 1 y+cci fj^ = say gf {Fig. 197). The value of a/" is Uid 
off in Fig. 197. Computing the ordinates for other points in the kwd 
contour gives tlic line KF (Fig. 197). The area between the intrados of the 
reduced loa<l contour is proportional to the load on the arch. In a nmikr 
manner a live loa<l (as for example a train)* can be reduced to an equivileut 
load of masonry, in which case the reduced loa<l contour would consist of a 
line (IH above and parallel to EI for that part of the span covered by ih» 
train, while for the remainder of the span the line IF is the reduced loid 
cont-our. The secoml step is to draw the arch ring and its reduced loid 
contour on thick paper to a large scale, and then with a sharp knife carefdllj 
cut out tlie area representing the load on each arch stone. Tiie eg. of each 
piece can be found by balancing it on a knife edge, and then the podtioo of 
the e.g. is to be transferred to the drawing of the arch.'*f 




Fig. 19' 



Distnbutioii 
rom earth 
illin^. 



Disirihuiion of Passing Lmds. 

There are still two more points to be discussed in connection with 
the external forces acting on an arch, and the resistance produced. 

The first of these questions is : — In the case of loads passing over 
the surface of an ordinary road crossing an arch, to what extent 
does the metiUling and earth filling distribute the load ? 

To this there can be no absolute answer, as the distribution ^"' 



* This assumes that the weight of the train acts directly on tlie vertical port'^" 
]x»low it. This is not quite the ease, as will Ix' presently pointt'd out. 
t Professor Baker, Masonry Conttruction, p. 459. 



t'\ iMentlv varv with the iiatuiv of [ho mad suilace ami tlie oaith. 
riio practice anion lt Continental Kni^ineer.s''- is to cuiisiiler the 
c^ii^tribution at an ani^Ie of 45' on cither side of the vertical 
axis through the centre of the load, or in other words, the load 
is equally distributed over a cone of earth Avhose apex is the 
surface directly below the weight and the angle = 90". It is 
evident that the greater the depth between the roadway and the 
extrados of an arch, the less effect will be produced by passing loads, 
and the probability is that the distribution is not less than that 
indicated by an angle of 45" with the vertical (see Fi(f, 73, p. 80). 

Another question is how far any spandril filling or backing may Whethert 
be taken as adding to the thickness of the arch ring ? We may ^^Jderec 
find, for instance, that the Line of Resistance comes perilously near i>art of th 
the extrados of the actual arch ring at a point where above that "^^' 
extrados there is masonry. If that masonry is included in the 
arch limits, there will be an ample margin of safety, but if not, it 
will be unsafe, and the question is how far are we justified in taking 
the masonry filling into consideration ? 

If the arch is built of ashlar, with a through bond between the 
siandrils and the arch ring, or if formed of carefully made and laid 
concrete,' it seems reasonable to include the spandrils. 

If, on the other hand, the arch ring is of brickwork or rubble, and 
ttc 8pandril of brickwork laid in the usual horizontal courses or 
rubble, either random or coursed, it would be hardly justifial)le to 
consider the spandril as having any other effect than merely adding 
*<lditional distributed weight. 

Stability of Ahntmeiits and Piers. 

When the magnitude, direction, and point of application of the Abutmeni 
"^tant thrust produced on the skewback has been ascertained by i^ast thitx 
'be investigation given above, the stability of the abutments is a f<>rws. 
'J^atter of no difficulty. 

The thrust (T, Fig, 198) of the arch thus ascertained is one of 
toteral external forces acting on the abutment, and the resultant 
of these forces must be such as to fulfil the three conditions of 
equilibrium in masonry. 

The other external forces vary with circumstances. In the case 
of abutments with earth backing (see Fig, 198) the earth thrust (P) 
18 a most important external force, and for small arches under a 

• Pascal, PonfM Mctallique-s. 



heavy aurcharge it necessitates a heavy abutment. In Uie case of 
service roaenoirs arched but not backed with earth {fty. S37, p. 291) 
the water pressure inside the reservoir adds to the thnut of the 
arch in tending to push the abutment outwards and endanger Hi 
stability. The weight W of the abutment itself is always one of 
the external forces. 




Fig. 198. 

may l)e The Line of Rcsistjincc of the abutment may bo bo inclined to the 
' " direction of the joints as to endanger its stability against slidi"jr. 
To obviate this it is sometimes necessary to have the joints inclineJi 
;is in Fig. 279, p. 307, Part I. Such abutments are "in tnitb » 
continuation of the arch " (Kankinc). 
on Whore there are two arches in a bridge, as in Fig. 199, •I'* 

horizontal components of the thrust neutralize each other, lea^'iis 
the I'ertica! components only to be borne by the pier. WheD on« 
only of the arches which spring from the pier is loaded with * 
travelling load, thcro will be an excess of horizontal thrust on the 
pier. The amount of this thnist may be roughly computed by 
multiplying the travelling load per lineal foot by the radius oi 
curvature of the intrados at the crown in feet 

The pier should for practical reasons have sufficient breadth fM 
the whole of the two arch rings which spring from it. Professor 
Eankine ha.s pointed out that these limits would result in less width 
than are usually adopted for piers, the common thickness of which 
at the springing is from Jth to 'th of the span. 
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* Arches which rest on piers which are built on this principle must, Abutment 
for obvious reasons, be constructed simultaneously. A flood or ^^^^^' 
other destructive cause which carries away one pier will not only 
vreck the two arches on either side of it, but will cause so great a 
bending moment on the further piers as to endanger their stability 
to a serious extent To localize the dangerous eflbct of any such 
accident it is customary in a long series to build at intervals 
abutment piers, i,e,y piers designed with sufficient breadth to resist by 
themselves the thrust of any one adjacent arch. 




ai 



Fig. 199. 

While considering the destruction of arches it may here be pointed Simplest 
out that in those that are designed (as they usually are) of circular dStroying 
segmental form, the theory in the foregoing pages points to the best arch. 
{K)6ition of attack. We have seen that the tendency of arches is to 
fall in at the crown and to open out at the haunches, and for this 
reason we load the haunches, and have a minimum load at the 
crown. To destroy the arch the reverse process should be adopted, 
i.e., the earth covering on the haunches should be dug up and piled 
on the centre. A comparatively small explosive under the haunches 
ought then to have the desired effect {Fig, 200).* 



Thickness at the Crown, 

Mr. Trautwine's rule for the crown thickness (as given in Part I., Crown thick 
p. 323) is "^^^• 

^ = ^^Z±J^ + 0-2 



• This application of theory to an important part of a military engineer's 
^ty has been pointed out by Capt. and Bt. -Major J. K. L. Macdonald, R,E. 
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for a first class cut stone arch, increased by |th for second cla» 

work, and by Jrd for brickwork or fair rubble. Here r= radius ai 

crown, and s = span, both in feet Professor Rankine gives for a 

single arch — 

d= s/O^r, 
and for a series — 

il= J0l7r\ 

The rules followed by Continental Engineers give larger results in 
short spans, and lower results in large spans. 




Fuj. 200. 

As an illustration of the foregoing principles we may take the 
following : — 
Example. EXAMPLE 16. — It is required to design a viasonry arch, 40' spa% 1^ 

lise, to he built of verji hard bricks {of quality equal to second-class don^ 
2vork)y carryiufj an (ordinary road 16' ivide between parapets, which tiTf 
rack 2' thick. 

Greatest weight on the bridge 80 lbs. per foot super, or a traction- 
engine with 9 tons on driving wheels, 5 tons on leading wheels, 
with 10' 8" wheel base, and distance of wheel centres 6' 2". 
The depth of the earth over the extrados at the crown is 3'. 
Weight of earth 100 lbs. per foot cube, and of brickwork 112 lbs- 
Abutments to be 1 2' in height from floor. 



] 
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The first step ia to design the arch by any known rules (say Di-pth ai 
lutwine's), and then investigate its stability. 

rhe depth of the ring at the crown, according to Traatwine, 
iuld be 

d the radius being 



(I)'- 



je p. 323. Part I,) ; a being the rise, or 25 feet, the value of d is 
877 for cut stone or 2 feet for second quality stone work. 
The value of the abutment thickness 



The tangent to the extrados is drawn from a point G {Fi^. ! 



ch that NG = JIT, and the 1 
acribed on pp. 324-5, Part I, 



I GN is found by the steps ' 




Fig. 201. 

It will be observed tbat this does not give a thickness gradually 
lereasing from the crown to the joint of rupture, which may be 
Jten at about 45°, but it does assist generally in the stability of 
le structure as a whole by adding weight to the abutment. The 
>rved line shown in Fig. 201 would in all respects be better, 
KauBO it adds to the weight on the arch ring at once after leaving 
le crown, and the e.g. is nearer the inner edge of the abutment 
»D that of the other form. As, however, most arches are built 
ith the straight tangent, this will be here investigated. 

Ab regards the weights coming on each of the 16 imaginary ExU-nml !oada 
lussoirs into which the arch ring is divided (see Plate XVIII.), it is 
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usauraed that, vertical linoB haviug been drawn from the edges of 1 
that voussoir on the extrados, the weight coming on 1' in length of | 
the voiisaoir is made up of— (a), the moving load W, on the roadnai' : ] 
(b), the vertical weight W, of the earth and metalling between tlie I 
roadway and the masonry ; (c), the horizontal thrust W, of ik 
earth on the vertical projection of the masonry ; (d), the weight W^ 
of the backing acting at its e.g. ; and (f), the weight Wj of tie 
voussoir itself. These five forces have a resultant which is reprt- 
:4ent«d in magnitude and direction for each voussoir on Fui. 1, 
Plate XVIIl.. and is shown on the load diagram {Fig. 2). 

We may investigate the stability under two conditions ;—(l), 
'" where the whole arch is covered with people, bringing a weight <L 
BO lbs. per square fool ; and (2), whei-e the tnictioa-engiue is i 
the bridge, and is rolling off, causing an unsymmetrical load. 

(1). The right half of the ring on Ffj. 1 in Piafe XVIII.isshoi 
without the Line of Resistance, oe that Una would bo the some lot 
both halves. It is left blank to show the construction lines. 

On the left half of the arch the weights on each voussoir an 
shown acting through the conimon centre of gravity. The hori^onlil 
comfionent of the thrust is very slight, even in the voussoin new 
the springing. The weights are shown on the load line XP, 

The horizontal thrust being at the crown, a horizontal line OP 
drawn to any point 0, and the lines 0T-^, Ojj, etc., drawn. 

From E, the upper point of the central half at the crown, 
horizontil Hne ia drawn, meeting the vertical through the e.g. > 
voussoir 8 at i/^^. From this point i/^ a line i/g y- is drawn pnrall 
to Or-,, meeting the vertical through voussoir 7 at a point y~, and so 
by drawing lines parallel to the linos in Fig. '1, we get the dotted 
polygon EQG {Fig. 1), where QG ia pandlel to OX, and EG ' 
horizontal. Then a vertical through G passes through the common 
e.g. of ail the loads. 

Join FG where F is the tower limit of the central half of AB, anJ 

draw O'X parallel toFG, and join OV,, O't^ 0V-. Then startii* 

from E, again draw a new force polygon as before, and mark the 
[joints where this polygon cuts the joints. 

These points give the Line of Resistance, shown ill thick red lines 
on the drawing. This falls close to the limits of the central 
half, and though it comes near tlu3 iiitnulos at the first voussoir.a * 
just outside the central half, it is so near the limit that it is n 
necessary to take a new value. 

To find the maximum pressure on the arch ring we 



2x216( 



= 2880 Ihs. on 12" x 1" run, 



libs, per square inch, or 

' q "- — = 1S"4 tons per square foot. 
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e from the edge of the centre of pressure, and find it to be 5". 
ncith of the joint ia 24". 

the pressure on the joint {O'/j which scales 21,600 lbs,) comes 
[b the centre third the maximum pressure will he found from 

Iciples ilhiatratod on Fig. 275, p. 304, Pitrt I. Here d = 5", 
21,600. Hence maximum pressure 

im Table VIIL, p. 33, Part I., it will be socn that to give a 
n of safety it will be necessary to use very hanl brioks laid in 
it. The strength of the single brick ia not the governing 
^biit the brickwork in mortar. Staftbrdshire bricks in cement 
a used for this arch. Even then the factor of safety would 
: would lie safer to increase the thickness of the arch 

f 27 inches, or three whole bricks. If of Portland cement 
I, the thickness might be left at 3 feet. 

tor the rolling load (/"i.fl. I, Plate XIX,) it ia assumed that the 2. Uiuiyiniui- 

ion each wheel are distributed over a cone, the apex angle "'''*'_^""' 
lich is 00°. In Fig. 1 the traction-engine is supposed to be 
g otr the bridge to the right, and the heavier wheels to be just 
at the arch. This will be the position least favourable tostubility 
oximately). The lines of resultant pressure through the 
^a of gravity of the vousaoira and their loads are shown in red, 
iimounts written against each. 

a reaction of the right support is then easily calculated by 
;the algebraic sum of the moments at the opposite support, 
imount of that reaction is 21,100 lbs. That is equal to the 
its on voussoirs 10^16 inclusive, plus a part of voussoir 9, the 
Qt of which can easily be reckoned by proportion. The weight 
1 whole of voussoir 9 being 2,652 lbs., and the difference between 
gand voussoirs 10 — 16 being 1,8S4, we draw the joint JH 

CToussoir 9 in the proportion of 

798:1854, (1854 + 798 = 2652). 
B the joint of horizontal thrust. 
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The line through the e.g. of the weights on the right of this joint 
is found by the same process as before. Then taking moments about 
F (the lowest point of the centre half of the joint AB) of the weight 
W, and the thrust T acting at the highest point of the centre half of 
the joint HJ — 

Tx/i^-WxrfF, 



where 


he = n'b\dF = 7'S\ 


and 


W = 21,100 lbs. 


Whence 


T= 14,380. 



This value OP is laid off, and the points Ox, etc., joined as before. 
A trial Line of Resistance (shown dotted) is drawn with this A'aloe, 
but it comes above the limits at the crown, and below the limits at 
the springing. A slightly increased vahio of T should be taken. 

Try T= 15,000. 

Then ^'. = ?l?J0x7:8^^,.3 

15000 

With this value a new Line of Resistance is drawn, which just falls 
within the limits. 

The maximum stress would be at the joint between vousaoirs 15 
and 16. The centre of pressure is at 6" from the edge, and the 
amount of pressure is 23,600 lbs. (0'xl5). The maximum pressure is 

2^x23600^2^22 lbs. on 12", 
3x6 

i.(\, 235 lbs, per square inch, or 

12 X *^6*'^ 

:l^1= 14 tons to the square foot. 

2240 ^ 

Hence good hard biicks in cement mortar are required, if t"e 
thickness be 2 feet. As stated above, it would be better if made 
27 inches. 

StahiUtif of AhatmenU. 

■Stability of In both the above cases the stability of one abutment is shown on 

kbutment. ^^^ j^^^ rpj^^ wei;<ht of the masonry abutment and the earth above 

is first found, and a vertical line drawn through its e.g. *^ 
amount is found to be 21,200 lbs., and it is represented by a(. The 
resultant thrust GF on the skewback is produced, and its amount 



!4,000 lbs,, ill fi<i. 1, Phile XVIII.) 'm Uidoff atrrft. Thereaiiitantof 
icee two forces ia ad. 

This must ho compounded with the resultant earth pressure at the 
Kk of the wall ij'li. As will he aeon iii a auhsequent chapter, this 
iirast acts at l{ of the total depth helow the suffacc, iinii its hori- 
antal component 



= i"-''i'i 



mn_f 



1 + sin ^ ' 

rhere «i = weight per unit of the earth (100 Iba.), 't = height in feet 
= "27 feet), and ifi ia the angle of repose of the soil, which we may 
ikeat30°- This gives a value to the horizontal thrust of 25,000 lbs., 
ml to the inclined thrust, acting at an angle = to the angle of repose, 
[ about 28,000 lbs. Compounding this (n'r) with a'd' ( = "il) we get 
total resultant pressure shown in a thick rod line'115,000 lbs., in 
Sj. 1, Plate XVIII., which intersects the base almost at the centre*, 
liowing that the pressure is nearly uniformly distributed over the 
Ofeetofbasft, giving 11,500 lbs., or S'l tons per square foot. This 
ui, of course, be spread out over the footings, so as to reduce the 
ressure per square foot on the soil to any desired amount. 
It ia Bomotimcs desirable to have an approximate idea of how much ApproxiniM 
be thrust of a uniformly loaded segmental arch amounts to without ,„eiit "linist. 
oing into the above lengthy investigation. This may be estimated 
y considering tlie Line of Resistance as a parabolic arc (which it is 
Pproximately), and considering the skewback at the springing to be 
t right angles to the tangent to the curve there. This will not be 
M wrong for arches where the skewback is inclined between 35' and 
0' to the horizontal. If S be the angle of the skewback to the 
oriKOntal, w the average weight per foot run on the arch, I the 
piin, and d the avoiiige rise (i.e., to centre of ring at the crown) tlie 

nrust on the skewhacks is approzimately -gj cosec 0. In this case 

=37*, d~\V, ( = 41' (measuring to inner edges of centre half) and 

' = 8a0!b3. per foot run, on astrip 1 foot in width. Hence the thrust 

8.10 X 



8x 11 



■:l-66 = 2fi,320 lbs. 



From iV;/. 2, Wa/eX van,, OX = 24,500 lbs., the difference, therefore, 
■eing on the safe aide. 



h: of tlio cui'tli liookiiikj. 



The exact poaitLOD dopenils o 
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TrautM-iiie V From the example above it will l^c seen that such an arch, designed 

danot^wklT '^ according to Trautwine's rules, will give good results. Probably, 

thfor>'. if the backing had been disposed along a curve passing through the 

crown, and passing a little below the edge of the spandril filling (see 

M, Fig. 201), it would have given still better results. 

Where it is necessary to take heavy loads over a bridge it i» 
desirable to spread that load as uniformly as possible by temporary 
planking, or in some such manner. 
Counterforts. When an arch is built, as is frequently the case, with counterforts, 

so as to save masonry in 
the abutments, as in 
Fig, 202 (which repre- 
sents the plan of the arch 
in Fig. 201), the UM 
thrust of the arch at 
springing (i.e., thrust due 
to 1 foot in width x total 
width) should be com- 
pounded with total weight of abutment and counterforts. The 
resultant should pass within the centre third of abutment and 
coimterforts. 



Material of 
ring. 




J^htTt of €U>tUnve>nt» wUh- countmr/brts 

Fig, 202. 



Cmisiniction of Arch Ring, 

From the above investigation we also see that the best materials 
are necessary in important arches. The investigation has been l)ased 
on the assumption that the arch ring is homogeneous and hence if 
the ring is built without proper bonding the calculations are of little 
value. Frequently arches are built of half-brick rings. These may 
be, and often are, quite sound, but if so their stability largely depends 
on the strength of the mortar. Numerous instances may be seen of 
arches built in this way which have shown signs of failure from one 
ring sliding on another. 

In other cases arches are built with " rubber " bricks laid in 

Flemish bond, the bricks having been rubbed to a voussoir shape by 

the bricklayer. This is admissible in walls of houses where little real 

weight comes on the arch, but in important bridge work it is out of 

the question, as the bricks are far too soft to stand a heavy crushing 

weight. 

Hani bricks In Other cases hard bricks are used, and the necessary shape ii 

jtSnto nlT given to the voussoirs by increase of the mortar joint near tb* 

ret-omniended. extrados. This is not to be recommended, as the strength of 



Ji fytf/"^''- ^^ 




Ca 




' ' *" ' -ichs 5'bf-oaii 
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mnot be homogeneous, and at beat is metisured by the strength 
he mortar. 

be ilifficulty has been very auccesafully overcome by Mr, C. Specuabriol 
lardsoii,* Engineer of the Severn Tunnel. He used the ordinary 
4^" X 3" briek, and two special 
ka, voussoir sha|>ed, and each 
he same cubic content as the 
nary 9"x4i"x3" brick. The 
tr one of these special bricks 
9" long, 6" bi-oad, and tapering 
1 2" to 2J", while the other was 
long, 5" broad, and tapering 
1 2V' to 3". The arrangements 
ring, 27" wide, such aa that tor 
bridge shown in Plaits XVIIL 
XIX., would he as in Fig. 203. 

■jii be seen that by the use of }'hj. 203. 

c special bricks bond is given 
[ie whole arch ring, both longitudinally and transversely. 

Concretf Arcltfu. 
nth ashlar arches, or concrete arches, where the spandril i- 
igand the arch are constructed simultaneously, it would be (juite 
ifiable to consider the spandril filling as part of the arch ring. 
limits of the area within which the Line of Kesistance can fall 
therefore lai'gely increased. The curved form for the extrados 
I this case even more desirable than in the case of brick arches, 
here is a diversity of opinion as to how the concrete should bo \ 
Some engineers consider that, as the consolidation of the con- '" 
is of the utmost importance, it should be laid in horizontal 
irs all over, as in that position it can best be rammed. Others 
lider that it should be laid in voiissoir-sbaped masses from spring- 
to crown, and not rammed. Others again consider that, as far us 
lible, it should be laid and rammed in concentric rings. Circum- 
ces must influence an engineer in deciding us to which of these 
9dients he should adopt. Possibly, a comliination of all three 
' be the best for a certain case. 

oiisiderablo economy has been efTected in arch construction by m 
if the Monier system, whei'C a network of steel ro<ls is laid "> 

• Kiniim:eriu>J, 13. I. S8. 
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in the concrete at those parts where the tension is greatest This 
would point to the intrados at the crown, and the extnuios at the 
haunches, as being the best positions in a circular segmental arch, 
iustmn teste. The Monier system has been recently tested on a somewhat 
extensive scale in Austria, and has given very remarkable results. 
Arches of 23 metres (75*4') span, and 4*6 metres (15*1') rise, and 2 
metres (6*56') were experimented on, and were built of brickwork, 
rubble, ordinary concrete, and Monier concrete. The following were 
the breaking strains : — 

Brickwork ... ... ... 67*5 tons. 



Stone... ... ... ... 74*02 

Concrete ... ... . . 83*27 



>> 



n 



Monier system ... ... ... 146*12 „ 

The loads were applied from one abutment up to the crown of the 
arch in each case, applied very gradually, and the deflections were 
very carefully measured along the entire arch ring. The load was 
put on one side only, because it was considered that under such con- 
ditions the arch would be distorted to a much greater extent than 
would be likely to occur in practice. 

The arches failed, by cracking, in every case, at the positions 
indicated by theory. 

The brick and stone arches were both built in Portland cement 
mortar, 1 cement to 2 6 sand. The crown thickness in these arches 
was 0*6 metres (!' 11 J"), and at the haunches 1*14 metres (3' 7\")- 
The concrete arch was 07 metres (2' 3i") throughout. The Monier 
arch was 0*35 metres (ri|") thick at the crown, and 0*6 metres 
(rilj") at the haunches. The longitudinal rods were 0*55" in 
diameter, and the transverse rods 0*276" diameter, the mesh 
being 2A ". 

The widest spans that have been built in the Monier system as 
yet have only been about 130 feet, but there seems to be little doubt 
that in the future much larger spans will be constructed. 
LargesiKan.s. As a result of the Austrian experiments a stone arch, 213' span by 
58*6' rise, has been built over the Pruth, at Jaremcze (exceeded only 
by one arch, the Cabin John, at Washington, 220' span), and a 
similar arch has been designed by the same engineer for a span of 
120 metres, or 393'.* 

* These data are obtained partlj' from a lecture by A. E. Carey, Efijl' 
M.Inst.C.E., delivered at the S.M.E. in January, 1898, and partly from The 
Emjinttring Mmjazint for .September, 1897. 
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In England the longest span, arched in masonry, is the Grosvenor 
bridge, over the Dee, at Chester, which is 200' clear width, with 42' 
rise. The Severn bridge, at Gloucester, is 150' span, 35' rise. 

In India some remarkably bold arches were built by the late 
Major-General Sir James Browne, K.C.S.I., RE., on the Kangra 
Valley Road, in the Punjab ; some of these were constructed of 
brick, some of concrete ; in all cases of material, and with labour, 
locally obtained. The greatest span was 142'. 

With concrete arches Sir James Browne recommended that they 
Hhould not be segmental but elliptical, so as to enable the concrete 
to be consolidated better at the springing. 

With all concrete arches wooden centering is objectionable, though 
frequently inevitable, as the spring of the wood prevents proper 
consolidation by ramming. Where it is possible to do so, it is better 
to build up the centering of dry rubble plastered over on the surface. 
This is largely used in India with successful results: 

Groined Arches,* 

In the case of groined arches, the most important point is to investigate the Groined 
stability of the piers. arches. 

The pier ABDC {Fifj. 204) has to support the thrust of the half arch CQRD, 
us well as the thrust of the 
two quarter groins SEQC, 
TFRI), in the directions EC, 
FD, the two together pro- 
ducing an additional thrust 
iu the direction of the axis 
of the pier, while it is 
Mti*eugthened against over- 
turning by the weight of the 
two half arches SUAC and 
TVBI), the horizontal thrusts 
of which neutralize each 
other. 

The forces acting on the 
pier are :— (1). The total horizontal thrust at the crown acting along EF. 
(2). The weight of the arch ring CEFD, acting though its e.g. (3). W| the 
weight of the pier and the two half arches SUAC, TVBD, resting on it, 
acting at their common e.g. 

The resultant of these forces should pass through a point within the centre 
third of the base. 

Domes. 

The stability of a dome differs from that of an arch in that there is no thrust Domes, 
at the crown of a dome ; it is, indeed, common to have domes open at the top. 

* General Wray's Instruction in Construction, 




Fig, 204. 
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A voussoir block* in a dome is kept in position not only by the blocks above 
and below it, but by those on each side of it. The latter exercise a horizoDtil 
radial force, which, without any pressure from above, will, when combined 
with the weight of the voussoir, give a resultant passing within the timits d 
the joint below. The sliding of the voussoirs must also be prevented. 

In Fi(j. 205 let a/> represent the weight of the stone HGLK. Draw OBpff- 
peiidicular to HOC, and make YOB= the angle of repose of the material 
(say 33^ the angle of repose of stone on stone without mortar). Since a6doN 
not cut HCt, horizontal thrust must bo developed for equilibrium, and sach t 
thrust as will prevent the resultant from forming with the normal to the joint 
an angle less than the angle of repose. Assuming the horizontal thrust to act 
through L,t the upper edge of the stone, we lay off from 6, the intensectioo of 
the horizontal line through L with the vertical through the eg. of the stone, 
the weight ah to scale ; then from b draw Itc parallel to OY, and draw through 




^ < 
\ 



,^^ 



N \ \ 

^ ^ \ 



/ / 






xW // V 



o 



Fig, 205. 



♦ From Do Lanza'H Applied Mrrhanics. 

t This is Dr. Schefflers metliod, his reason Iwing that the thrust at the ttq) i** 
minimum. The true ixxiition is prubably near the middle. 
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the liorizontal force ihat will Ijo 
e to produce W|uim)riuin. This 



I cir horizontal to incot lir. Then o 
'urnishMl by the other stones in 
[ireaaiire Dpon the joint H(! ia Ik, and it acta at the int«rH«i.'tioD of lir ami HI ■. 

Now prolong he to meet tho vorticnl drawn through the e.g. of the next 
itone HQFE at d. Combining this with the weight uf Ihe atone by lunkiiig 
ie = hr, iind drawing f/'( = e<iuAl weight of atone) verCiual, we get a nwultantyU. 
rhia makes an angle with the normal to FE greater than ^ , hent-e draw 0I> 
jerpendiculnr to FE. and draw OZ bo that ZOD = * ; then from g, the inter- 
nction of /d with the horizontal through U (the higlieal point of KUUE), 
nxNlnce g/toji, making gi=(^; throngh j/ draw ijrA parallel to OZ. and through 
I draw (A horizontal. Then in th the horizontal tlirust which will be fumiaheil 
It H to keep FEHG in place, and Iig is tho total premure upon llie joint FK, 
Lctiug at the point of intersection of FE and Aj;. 

In like manner the pressure on the other joints in B8CertaiDe<l. It will be 
tenn tJiat tke horizontal thrust gets less as we go further from the crown I'h 
wing much stnaller than ur), and at last the resultant pntssure cuts the joint 
vithin the limits of the joint itself, showing that there no lioriEontal thrust is 
lecessary. 

Inateeui of taking the thmsts as acting at the top of each joint we may take 
,he central third, or any other limits of stability. 

In ascertain ing the prcHsuro on the joint at the springing, we may cither 
'onstrui't it graphically, urwe may cunipHt« it by (a) finding the resultalit of 
ill the vertical forces acting on a given strip between two meridional planes ; 
b). Hnding the rusultant of all the hnrlKontnl forces (r.^., or applied at L and ^A 
ipplieil at H) ; (r), conipoimding thcec two residts. 



CHAPTER XI. 



Retaining Walls. 



Rotaining 
Walls. 

Definition of 
t4»rmb. 



Uncertainty of the Subject. — Practical Considerations. — Professor Rankine'^ 
Theories. — Subsequent Modifications. — Wedge Theory. — Graphic Repre- 
sentations. — Examples. — Appendix. 

The technical terms adopted in the case of retaining walls are 
generally as follows : — 

Betaining Wall^ properly speaking, is applicable to a masonry, 
brick, or concrete revetment built to retain an artificial bank 
of earth. 

Brenst JFall is the name applied to the revetment built on the 
scarp of a cutting in mitanil soil, to prevent disintegration or sliding, 
(ienerally brcivst walls have to sustain much less thrust than 
retaining walls of the same height and for the same earth. But in 
cases where there are strata of rock with alternate layers of clay 
sloping towards the breast M'all, its thickness may require to be far 
greater than that required for an ordinary retaining wall. 

Batter is the slope given to the face of the wall, thereby giving 
certain advantages in point of stability, which will be noticed in due 
course. 

Buttresses are projections in front of a retaining or a breast wall. 
Counterforts are projections at the back of a wall, largely used m 
days gone by, in fortification, to limit the effect of breaching shot, 
and to confer stability. It is, however, very doubtful if they are 
not a source rather of weakness than of strength, and they are no«' 
not much used. 

Land Tics are iron rods connecting the face of the wall with »» 
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anchorage embedded in the solid earth behind, so as to give further 
resistance against overturning, etc. 

Surcluirge. — If a retaining wall supports earth which slopes 
upwards from its summit at an angle which must necessarily be 
less than the angle of repose, the height of the embankment at the 
top above the highest part of the wall is called the surcharge. 

The Angle of Repose* of the earth is the angle at which a bank of 
that particular earth will stand permanently when the weather has 
<lestroyed the cohesion of the particles of earth, leaving the earth to 
dei>end for its stability on the friction of the particles alone. The 
values of this angle for various earths is given in Table VII. 



Table VII. Table »howin{ 

angle of repo» 

Angles of Repose and Coefficients of Fndion of Various Building raatenal**!* 

Maiei'ials, 



Material. 


Coefficient of 
friction = tan 0. 


0. 




Miisonry and brickwork dry 


•0 to 


*7 


De»jrree8. 
31 to 35 


,, with wet mortar 


about 


•47 


about 


25i 


,, slightly damp mortar... 


i» 


•74 


t* 


364 


on dry clay 


♦ » 


•51 


11 


27 


,, on moist clay 


»» 


•3;< 


♦ » 


18^ 


Tim^>er on stone 


»» 


•4 


»« 


22 


Iron ,» 


•7 to 


•3 


35 to 


62i 


Timlier on timber dry 


•5 ,. 


•25 


m » 


14 


,, ,, ,, soaked 


•2 „ 


•04 


114 ,. 


2 


,, ,, metal 


•6 „ 


•2 


31 „ 


114 


Metal ft )t 


•2;') ,, 


•15 


14 „ 


84 



* See p. 306, Part I. Professor Rankine says : " The properties of earth 
with respect to adhesion and friction are so vuriable that the engineer should 
never trust to tables . . in designing earthworks, when he has it in his 
power to obtain the necessary data either by observation of existing earth- 
works in the same stratum or by experiment." 
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Angles of Repose of Various Eartlis, 
Chiefly from Newman's Slips and Stdmdencot). 



Three condi- 
tions of thrust. 



Three eondi- 
tions of 
stability. 



Earth. 


Angle of Bepose 
0. 


Weurht per 
cubic foot 


OooBncBt 
d trictkn. 


Sand, very fine and dry 


Degrees. 
33 to 27 1 








^y W \5v •** ••• ••• ••• ••• 




26 


■ 


89 to 118 lbs. 




Soft chalk, impure and argillaceous 


32 


to 26 , 








Vegetable earth, dry 


29 


„ 18 ^ 








,, ,, (loam) 

t, very wet 


33 
17 


„ 26 
„ 14 


» 


100 to 120 lbs. 


The coef- 


1 * »» • • • 




* 






ficient in 


Clay, dry 




29 






all cases 


,, damp 

,, sound yellow, well drained 


26 


18 
to 18 


» 


120 to 135 lbs. 


=tan^. 


• • ¥V %S\t ••• •■• ■•• ••• ••• 


17 


„ 1 . 








Gravel, clean and compact 




45 \ 




! 


,, with sand 


26 


to 33 - 


90 to 110 lbs. 




Loose shingle 


35 


„ 39 J 







In order to investigate the effect of the thrust of a bank of earth 
against a wall, it is necessary to know the three conditions, viz.— 
magnitude, direction, and point of application of that thrust. 

In order to investigate the stability of a given wall to resist this 
thrust, we need to combine the weight of the wall with the thnist 
of the earth and see whether the resultant pressure is such that the 
structure is safe against overturning, crushing and sliding. 

There are, however, certain difficulties in the theoretical inves- 
tigation of the thrust which make the exact determination impossible. 
The theories on the subject which will hereafter be given are at best 
approximate. So indeterminate, indeed, is the problem, that som^* 
engineers simply follow the empirical rules given in Part I., PP- 
321-22, without any modification due to theoretical considerations. 
This, however, seems to be unjustifiable, because it is clear, fit all 



■2r-,3 

9i»t the dircctioD of the thnii^t of the eurth, us well us lis 
de, must depend, to an extent perhaps which is not quite 
tmt none the leas certain]y, upon the angle of repose of the 
Ed that the reaistunce afforded by the wall must depend upon 
ight of the material of which the wall is built. Both these 
rations will afl'eut to a very great extent the stability of the 
re, and neither of them have been taken into account in the 
sal mica referred to. Hence somo theoretical investigati»n 
jntly desirable, even though in our present state of knowledge 
be lacking in precision. 
) the case of a mass of earth {/"/</. 20C) supported by ji wall Mi.t1idi 




we conceive the wall to he entirely removed, a wedge or 

earth ABC of a greater or less size, according to the con- 

of the earth, will {as a matter of experience) be tirat 

from the general mass. Let BC be the line along which 

k takes place. Then, after a certain time, the iutlneiice of 

lather will have the effett of detaching successive particles of 

until ultimately the bank will assume a slope BH, the iiiitural 

earth, making an angle ifi with the horizon, the angle of 

h will be a constant whatever the height of the bauk 



le prism BAG (Fiy. 207), if in one mww, will be in equilibrium 
E' exerting any pressure against AB, because its tetKlericy to 
Wn BC will Iw met by the friction of the surface. 
I we consider another prism BAE, wheio BE is at a greater 

a tha angle of repose, it is clear tiiat this will exert agitinst 
■« pressure due to its own weight, and dimiuished by tho 
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friction of the earth on the slope BK If this prism be very smalL 
as BAD, close to the wall, it will evidently exert less pressure than 
BAK There must, therefore, be some piism or wedge between AB 
and BC, where the pressure on the back of the wall is a maximnnL 
PoHitiun of It can be proved (see Appendix I.) that this maximum pressure 

th^rt.^***^"*^ occurs when the area of the triangle BEF = ABE, EF being the 
|>erpendicular on BC. When the top of the bank is horizontal, the 
angle AB is bisected, in such a case, by BE. 




We can, on this basis, ascertain the nuignitude of the greatest thrust 
on the vertical face AB, which need not necessarily be the back of 
the wall, but may be taken as any vertical plane at right angles to 
the section of the embankment under consideration. The dired'm 
of the reaction of this plane would be normal to its face (if there 
were no friction), and the ^^////>«/t^ = Jw/-,* where i«? = weight of the 
earth per unit of volume, and .'• = EF, the perpendicular on B above 
mentioned. 

If (in Fig, 208) we produce CA to G meeting the perpendicular 
from BC at G, and if we draw AH at right angles to CB, and call 
BG = r, AH = «, BC = h, it can be proved (see Appendix) that when 
the thrust is a maximum 

X - h tiin /3 - \//^ tjui /3 {h tiin f]-a) = c- Jc {c - ay 
Magnitude of Hence the maximum thrust 

greatest 

thrust. rp 1 „. J . /~7 \)o 

Xow as c and a are known quantities, if we can by any geometric 
methods obtain a graphic value for the expression within the brackets 



* For proof see ApjKjndix. 



'■nliit fiirerlinn of the mHximuni 
presently Iw (ielailed. 




S direction, liowever, will be modified by the frictiou on the 
e AB; the total timount of such friction miiet therefore bo 
[K>nnded with the amount just found (which wo may call T) to 
the total value of the thmat T. As the coefficient of friction 
n ^, the amount of the thniat T' duo to friction will — Tx tan ^. 
ce if we rcpresant the thrust T by a line drawn to scale PQ 
. 209), and draw tho angle PQK = ^, then EP- component of 
st due to friction, and the resultant pressure T' at the back of 
I'ertical plane will be represented by RQ.* 

1 ptAnt of applieatiim of this thrust is, howovei-, still to be Puintuf nivU 



'tiined. It is evident that the total pressure on the verticiil ^ 

lliU IB Dr. Sehefflcr's theory, nnd la at leoaton tiio note aide. lUaoouiUcy. 
ver, is open to qiiesticin, Afcniiling to it tliu friction incitoses the over- 
ng fortti. This, in the vxirciiiu luue tit a wall having a verj* great 
uient tit frit^tion. wuuM involvu largu presmre inteosit.v un the nuleriul, 
ti Hieni'i itnunibnIilL-. Mr. Tiaiitwinu points out that if n wall were to 
urn round its oui«r top H {Fi-j. 214) ilB bauk UB would risi', uutt in >h> 
; would rub ngainat the oartli in contact with it. This rulibing iniut 
ntly imjieiit Che overturning. The friction, therefore, must aasiat the 
lity, Anil not aaeiaC the ovortuming thruHt. To what extent it would do 
diUicult to deteimine, becauHe the full friclioiial reniiitanuB will not bu 
oped until rotation has aetually begun (see Minchin'B l^luiirii. Vol. I., p. 88), 
n that oue it ii not possible to say what amount of oanb thrust will now 
ivcloped. All that one can say is that, attbouKh Dr. SckelHor'a thruit 
err as regards its magnitude (T' being = T lan# ), it is, at all ovellts, un 
lafu side, and as it is improbable thnt T will be an little aa T tinf) . tho 
■enne in ordinary cases of angles of njpnse, about 20", will not bo eo utvnl 
I matter vei-y mucli, or lend to praoticat reduction of the siRB of (lie 
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plane vanes as some function of the height. In water it yaries tf 
the square of the height, i.e., the pressure uniformly increases with 
the depth. If the soil be homogeneous, it is probable that this ii 
also the case in the pressure on a vertical plane in a bank of euth, 
and this assumption has been adopted as practically true by Professor 
Rankine, Dr. Scheffler, and all writers who have treated this snbjset 
theoretically. 




Fig, 209. 



Hunkiuc'V 
foniiulre. 



Professor Rankine, however, also considers that the pressure acts 
in every case parallel to the surface. This i.s tantamount to saying 
that in a wall with a vertical back, without surcharge, the direction 
of the pressure is horizontal and is similar to water pressure. As 
this takes no account whatever of the variations in various classes 
of earth, it has been discarded by subsequent writers, as there 
evidently must be a difference in the direction of the pressure 
afforded by a wet clay, and by a dry sand. 

Professor Kankine's equations for the value of the earth thrust are- 

(1). For a wall without any surcharge 

P = irf2j_-^!"* = .Uc'A2tan2('^-?'\ (a). 

^ l+sin0 - V4: 2/ 

(2). For a wall with an indefinite surcharge, the angle of the bank 
with the horizontal being = 6 — 



T> wltr n cos 6 — \/cos- 6 - cos-^ 

P = cos ^ =^ 

2 cos ey + v'cos- - cos^ 



(/3). 



In the above F = Viilne iif the earth thrust in lbs., «'-= weight of 
»rth per cubic foot in lbs., A = height of the back of the wall, or 
:her vertical plane, iu feet, fi is the iingle of repose of the earth. 

In any case, however, we mjiy take it that with earth of a fairly 
omogeneous nature we have the pressure uniformly increasing from 
le surface downwarde, and hence the centre of preesure will be at a 
lint 5 of the height of the plane from the surface. 

We have thna found the magnitude, direction and point of 
^plication of the resultant earth pressure at the hack of a vertical 
Lane in a rna^s of earth. Before going on to show how, by means 
I Biniple geometry, we may obtain the magnitude of the horizontal 
>mponont of the thrust graphically (the value of which may be 
tmpared as a check with Rarikine'a equation (a) above), it may be 
t well to point out the defects of the theory as stated. 

Di'/rrls of Ike Thr«ni* 

I. The assumption that the surface along which the rupture takes ObjectionH' 
lace (EB, Fig. 207) is a plane. It would be probably correct, or ''"^'^■■ 
liarly so, in clean, sharp sand, where the soil is devoid of cohesion, 

id is homogeneouB. It would he considerably in error in tough, 
<nacious soil. 

II. That the direction of the resultant pressure is inclined to the 
orizontal at an angle = to the angle of repose, is an assumption not 
y any means proven. 

III. That the point of application of the reenltant pressure is at 
the height from the surface. This would really only be true with 

erfectly homogeneous soils. 

While recognizing these defects, it may be said that no theory has 
! yet been advanced which eliminates the uncertainties which 
irround the subject, and, in default of bettef, we can at all events 
ppiy the rules which are thus given to us with a very reasonable 
niount of security, and fair economy. 

Graphk Metlwd of FmUng Thritsl. 
We now pass to the consideration of the graphic methods of find- ijrniiliiL' 
ig the thrust, which, as we have seen above, is expressed by ""'' '" '' 

I ■ From Professor Baker's Mam«r>/ C<}i"<lr«r.lio<; iip. 340 el irn. 



There are four cases — 

(I). When the surface of the earth is horizontal. 
(2). When the surface has its maximum slope = 0, the angle of 
repose. 

(3). When the surface has a slope less than ^. 
(4). When the surface slopes up to the wall. 
Cases (2) and (4) are of rare occurrence. 
Cabi 1. Sur- Case 1. — Surface horizontal. 
lace horizontal j^ ^^ .ijq^ produce the surface to meet the perpendicular fromB 

at the point G. From centre G, with radius GA, draw the arc PA; 

then BP = \/c(c— a)- 



Sujfiioe alop^ 




Fig. 210. 



For, AC being perpendicular to GB- 



GP2 = GA2 = BGxGC, 



but BG = r,and GC = r - a ; /. GP = Vc (c - a), and BP = c - Jc{c- a). 

Hence T = \whV\ 
Cahk 2. Bank Case 2. — Bank sloping at an angle = 0. 
anie?<p' """ Here {Fig, 211) c = a; hence c-a^O; 

/. c- Jc (f - a) = c = BP ; 
/. T = Ju'BP-i. 



Cahk 3. Bank Case 3. — Bank slojdng at an angle leufi tluin 0. 

an angle le88 Produce the line of the bank to meet the perpendicular from B, 

than0. as before at G {Fig, 212). On BG describe the semi-circle GOB, and 
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from A draw ACO at right angles to GB, and from centre G, with 
radius 60, describe the arc OP. 



Then 



Hence 



GP = 60= >/BGxGC= s/c(c-a); 

:. PB = c- Jc (c-a), 
T = ^ wBF\ 




Ftg, 211. 




Fig. 212. 



Cask 4. — Bank sloping vf to the wall. C^he 4. B« 

According to Rankine's theory of the thrust being always parallel the^wall"*^ 

S2 
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to the surface, there would here be an upward thrust, which i« | 
evidently impossible. 

The geometric construction here {Fig. 213) is the same as in the 
former case. 



Fig. 213. 



section. 



Design of the WdU. 

DwignoftTow To ascertain the form of the cross section of the wall we must 
evidently assume some form, and see whether the three conditions 
of stability are fulfilled when the thrust at the back of the wall is 
compounded >vith the weight of the assumed section. 

In the dimensions of the assumed section the top width may 1)C 
as small as j)ossib]e, consistent with practical requirements. It will 
be governed by the consideration of the object for which the wall is 
intended, e.g., in a dock the width at the top will be greater than in 
an ordinary revetment for a fort. As there will generally be a 
coping of some sort, 2' is about the least width that would he 
admitted in practice. 

The width at the ground line may be taken, as a trial, at some 
ratio of the height, meiisured normally to the face. With brick 
walls and no surcharge, J of the height will generally be found to 
give fair results. With heavy stone, such as granite, less width will 
suffice. But in any case this width will be ultimately dependent on 
the angle of repose of the earth retained, as we shall see when 
working out an example, a loose dry sand requiring less width than 
a soft wet clay. 

With these data a trial section can be drawn, as in Fig, 214. The 



Data for trial 
section. 
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plane against which the overturning thrust should be calculated 
vrill be that ascertained by drawing a vertical line to the surface 
from the inner edge of the base (BA, Fig. 214). The forces, then, 
iBvhich tend to maintain stability are the weight of the wall plus the 
-weight of the triangle or wedge of earth ABD. 




To ascertain the stability of the wall against overturning^ the Stability 
resultant thrust T on the plane BA must be compounded with the J^^mSag.*^^^' 
resultant weight W of the wall and the wedge of earth ABD, acting 
through the common centre of gravity. The resultant R of T and 
W should cut the base within the centre third, so as to obviate the 
chance of any tension being brought on the joint at B (see p. 299, 
Part L). 

The stability of the wall against crushing can then be investigated Stability 
by Formulas (a) or (y), p. 302, Part I. The distance d from the ^^^hLg. 
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stability 

ffainst 

uding. 



Cffoct of 
Atter. 



outer edge H of the centre of pressure e is measured. The yaloe 
of the normal component N of the resultant pressure E is estimated, 
or measured from the drawing. The base HB or / being known, 
we know, in the formula 



Y = ?^ (2 - ^^ (Part L, p. 302), 



all the expressions on the right side of the equation, and may 
therefore find Y, the maximum pressure in lbs. or tons per square 
foot, on the outer edge. This can then be compared with the safe 
resistance of the material of which the wall is built. 

The stability of the Avail against sliding can easily be ascertained 
by measuring the angle which the direction of the resultant K 
makes with the normal to the joint at the point where R cuts the 
base. This angle should not be greater than \ of the angle of repose 
of the material of which the wall is built, which is, of course, a very 
different angle from the angle of repose of the earth (see p. 306, 
Part I., masonry on damp mortar say 30' — 35*.) 

The batter on the face of the wall has a double effect in assisting 
the stability ; it tends to throw the centre of gravity of the wall 
further back, and therefore brings the lino of R nearer the centre of 
the joint HB, and since the courses of masonry are built at right 
angles to the batter, there is less tendency to slide forward than 
there would be if the courses were horizontal. It has also the 
advanUige in point of api^irent stability, for if the wall is originally 
vertical and gets pushed out of plumb, it aj^ears to be unsafe. If '^ 
has a batter originally, the difference is not manifest. 

Design of (he Foundations. 

'oundations. This will varv with the soil on which the wall is built, but in any 
case it is desirable to distribute the weight equally. 

We may assume that the soil is sufficiently good to be capable of 
bearing a definite w^eight per square foot. If special treatment w 
required, the same broad principles as hereafter detailed would b« 
followed. 

We may draw the base of the concrete bed XZ (Fig, 215) parallel 
to HB and at some depth below the frost limit (see p. 289, PartL)» 
say 4', measured vertically below H. Then produce the back of the 
wall bB to meet XZ at Z. 

The base XZ will be cut at some point / by the direction of the 
resultant R. Make fX =fZ, which will give an approximate width 



readth of 
mcrete. 
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o the base with a uniformly distributed pressure all over. If /X 
'esults in a very long projection beyond the toe of the wall, it will 
>e desirable to limit it so that XK = HK, the prolongation of the 
ace of the wall. 




Fig, 215. 



A thickness of concrete may be then taken, say 2 feet, and HO Thicknese. 
^ay be drawn representing the equalizing line for the offsets of the 
ootings. We can then easily find the pressure on the foundations 
>y (1) obtaining and compounding the centres of gravity of the areas 
>f concrete and footings, calling the weight of the foundation work 
^Vft acting at a point marked e.g. {Fig. 215); (2), by compounding 
ft with Wf we obtain R^, the total resultant pressure on the founda- 
tion bed ; (3), resolving normally, as before, we obtain Nc, the 
formal pressure which should cut the base approximately at the 
centre. The maximum stress intensity will then be Nc-r-base, and 
Bhould be within the safe limit of the soil. 

The projecting toe of concrete will be an inverted cantilever 
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WaU with 
definite sur- 
charge. 



Modification 
of Bection. 



uniformly loaded. It should not be too long, or the concrete will 
tend to crack along the line 00' at O'. 

Thickness of Base for a WaU with a given Surcharge, 

In the investigation for earth thrust at the back of walls retaining 
a bank of earth, the slope of which is inclined to the horizontal, the 
surcharge has been taken as sufficiently great to admit of a line 
drawn from the inner base of the vertical wall at the natural slope 
of the earth meeting the sloping surface (BC, Fig. 212). The 
pressure will not be affected by any increase of surcharge beyond 
the limits of C, and therefore such a wall may be termed one having 
an indefinite surcharge. To meet the case, frequently occurring, of 
a wall having a given surcharge less than that indicated by (W 
{Fig. 216), such as Q>'d\ some modification of the value of the thrust 
is necessary. To find this out by any graphic method would be 
difficult, but the problem may be solved approximately by adopting 
a modification of the base thickness, as proposed by Professor 
Kankine, as follows : — 

Let h = the height of the wall. 

c = the height of the surcharge. 

/ = thickness at the base required for the wall when the bank 

has a horizontal top. 
i' = thickness required at' the base with an indefinite surcharge, 
and when the maximum intensity of campi'ession is the 
same as when the top is horizontal. 
f = the required thickness for the wall with the given definite 



Then 



surcharge. 



r = 



ht + let' 
h + 2c ' 



The application of this practically will be seen in an example. 

Miscellaneous Questions relating to Retnining Walls. 

The design of the cross section of a retaining wall must frequently 
be modified from various circumstances of site, or loads likely to 
come on the earth above, and other causes. 

Where, for instance, the plan of the wall is on a salient angle* 
the thickness should be increased, as the wall will evidently there 
be in the position of a wedge with a thrust from the point of the 
wedge. The tendency to fail will be increased if the wall has to 
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rt a railway, as the centrifugal force of passing loads at higb 
will exert an increased outward thrust. 

the contrary, if the plan of the wall is a re-entering angle, the^ 
n may be reduced. 




Fig. 216. 



ere the earth is loaded with an external load, such as a Building on 
ng (as in Fig. 217), the effect is to increivse the value of the ^"'"^^ ^^''*^' 



i 




I 




"^ ^//////////////. 



D 



Fig. 217. 



Bnttrfss«»d 
lorizontal 
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horizontal pressure P on the vertical plane at the end of the building 
beyond that which is due to the earth itself. The intensity of the 
vertical pressure at D, the edge of the building, is the weight of 
the building per unit of surface. Calling this unit weight ip,, the 
intensity of the horizontal pressure due to it 

1 - sin 
M + sin 

which acts at every depth below the building on the vertical plane 
DC, its total amount being 

^^ '^l+sin^' 

where .?: = the depth ED from the surface to the bottom of the 
foundation. In addition to this, there is the horizontal pressure due 
to the earth itself on plane DC, which (by Professor Rankine's 

formula) is 

_ , (/t - xf 1 - sin 

— it I - — - — . • 

* 2 1 + sin 

This pressure has its centre at G, where GC = ^EC, whereas the 
other pressure, due to the building alone, has its centre at F, where 
FC = iDC. 

These two pressures make up the total pressure on the retaining 
wall when the front of the building is at A. If the building is at 
some distance behind A, the pressure is diminished to an extent, 
which is, however, uncertain. 

Buttressed horizontal arches {Fig, 218), connected in some cases 
above by means of arches, or below by inverts, are frequently used 




as retaining walls. Professor Rankine gives the following rules for 
the buttresses : — 
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If T = tbickness of a imttreas DE. 

B = AB, the mass of eartb against one buttresE. 

h = breadth of the buttress, 

/ = thickness which would bo rsfiuired for a rectangular wall 

»to siMlain the same bank of earth. 
w = unit weight of both wall and buttress. 
& = lieighl of both wall and buttress. 
Tlien, equating the Moments of Resistance of the buttress and the 
equivalent rectangular wall about their outer edges- 



whence 



-V!- 



id /. = B ,,; 



'I'-i ■ 



This takes no account of the weight of the arches l.>etweoti the 
buttresses. 

As regards the constniclion details of retaining walls generally, 
see p. 322, Part I. 

The practical application of the foregoing theoretical rules will be 
Apparent from the following: — 

ExAUi'LK 17.— Design a retaintJig imU 24' high, bailer 1 
nakriai limf-fione weighing 150 //«. ;w cubic /ooL The suit to lie 
I'elained in ctai/, wtiglUng 120 lbs. jier euliie fool, and icilh an ungU »/' 
r^jWM iif 29°. The fuundaiion is on sinuul yellow dai/ eapabU «/ 
Wrin^ a na/r load of 5 bms per iqmre fool {p. 388, Part I.), The 
fomdatitm bed h he of eoncreir ivtighing 140 Ihi. per aibir fuot, composed 
if 1 cejitent, 2 sand, 6 broken stone. Comjuire the vah-e if llie enrlh lhru.4 
^"imd p-aphiadlp mlk Ihtlfniiid by SanHiie's fot-mula. 

It may be observed that the material of the earth to be retained 
in this example is by far the most troublesome of all the soils which 
Ml engineer may bo called upoa to revet. The swelling of clay 
»hen wet causes a thrust at the Iwick of retaining walls, which is 
inquest ionably very great, and the nature of which is very imperfectly 
mderstood. The roost careful draining is, therefore, necessary, the 
Iry rubble jjacking at the back of the wall, and the ample provision of 
!v«ep holes, are, in the c.ise of such soils, more than all others, absolutely 
ndispensahle. The angle of repose is com|>aratively small, only 29', 
'nd hence, even with a comparatively heavy material, srich as that 
■>ropOBed for this example, it is probable that the width of the bjise 



Kx.ttii'iji 

Wallw 



lose. 
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will require to be more than J height, usually taken as an approxima- 
tion to economical requirements, 
rrial value for If we start by taking a base of ^ height = 8 feet, and follow the 
graphic construction in Fig, 214, we shall find that the resultant 
pressure cuts the base outside the centre third. 

Increasing the width of the base to 9*15, say 9' 2", and making 
further trials as in Fig. 2, Plak XX., the resultant pressure now 
passes just within the centre thii*d. The calculated data necessary 
for construction are — 

Earth thrust T = J«?BP2. 

BP measures 15*2 feet, and tt' = unit weight of clay =120 lbs. per 
cubic foot. 

T = J X 120 X 15-22= 13862 lbs. = 6*18 tons. 

The weights per foot run of the masonry and wedge of earth 
are — 
Masonry 

= 150 X {i X 2 X 24 + 1^ X 24 X 8-8 + 18-8 x 1 -8} 

= 20,628 lbs. = 9-21 tons. 
Earth wedge 

= 120 X |.\ X 2-2 X 28-8} = 3405*6 lbs. = 1*52 tons. 

Hence total weight W = 10*73 tons, acting at the common centre of 
gravity. (To find this, see p. 12, Part I.). 

This weight must be compounded with the thrust T' at the back 
of the plane AB, acting along the plane of repose. Constructing the 
triangle of forces at J of the height AB, where the base of the 
triangle = T= 13862 lbs., we find T' = 15680 lbs. = 7*0 tons. 

Compounding Y and W, we find the direction and value of 
R = 34496 lbs. = 15-4 tons. 

Of this pressure, the component N, normal to the base, is found 
by resolution to be 33,600 lbs. = 150 tons. 

The maximum intensity of pressure Y at the outer edge of the 
base will then be found from equation (a), p. 302, Part I. 



Y = f (.-¥), 
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3n Y = maximum pressure in tons per square foot. 
N = normal pressure in tons = 15*0. 
t = width of base = 915 feet. 
(^ = distance of centre of pressure from outer edge, i.e., 

He = 3-1 feet. 

Y = ^-^ (2 ~ ^^^) = 3-22 tons. 
9-15 V 9-15 / 

the crushing resistance of limestone is at least 175 tons per 
are foot (Table III., p. 28, Part I.), this leaves an ample margin 
jafety. 

The angle between N and R is 12" 10', which is less than | of the 
;le of repose of masonry with wet mortar, i.e., ^ of 25^** = 20° 24'. 
is sufficient to consider the mortar damp in practice, *.«., 
5le = 30°. 

The section is therefore safe against overturning, crushing and 
ling. 
^Vo may now proceed to the design of the foundations. Following 

construction as described in the foregoing pages, we obtain loads 
follows : — 
Aonry in footings — 

150 X 2 X 10-45 = 3,135 lbs. = 1-44 tons, 
ncrete 

= 140 X 2 X 16 = 4,480 lbs. = 2-0 tons. 

tal weight of foundations 

= 3-44 tons. 

id the centres of gravity and lay off the values Wf and R. 
Compounding as before, we obtain the value of Re which measures 
45 tons, and cuts the base at 9 feet from the toe of the concrete. 
Two feet of this can be cut off as unnecessary for structural 
Aons, and so bring the resultant to the centre. 
The normal component Nc = 18*34 tons, and the maximum of 
issure will = Ng -^ base, since the load is equally distributed all 
3r. 

Hence ¥=--^ = 1*31 tons, which is well within the limit 
14 

tons) which the soil can safely bear. 

Fo compare Rankine's thrust with that found graphically, we 



270 

have seen that the latter (T) = Jm;BP^ = 13,862 lbs. By Banldne'v 
formula — 

1 + sm ^ 

when w = weight of earth per unit of volume. 

h = height of vertical plane under pressure. 

^ = angle of repose of soil and sin ^='48481. 
Whence 

P = 60 X 25-82 y. ] - '^848 ^ ^3 g^g j^ 

1 + -4848 ' 

which is practically the same as T found above. 
KAurLK 18. Example 18. — Design a retaining wall under Ike same amdUicns as 
uxhargt^d in the previous example^ hut the top of tlie bank sloping ctt \^ and the 
height of tJie surcJuirge 6 feet. 

This example is given to illustrate the difference in working for 
walls with surcharge from those with the earth surface at the top 
horizontal. 

The essential point about the design is that a trial section shouU 
1>e obtained, worked out on the pnnciple shown above (Case 3, 
p. 258), where the maximum intensity of pressure Y should be 1^ 
same as the value of Y found for a wall with horizontal top, as in 
the last example. 

In this case it will be necessary to increase the base beyond the 
D' 2" foun<l in the previous example, and it is manifest also that, if 
the new a alue of Y is to be equal to the old one, the position of the 
resultiint pressure must be nearer to the centre in this case than in 
the former one. 

Take a base 1 1 '5 feet wide, and work out the graphic construction 
jis described on p. 259. The construction is shown on Fig. I, 
Plate XX. 
Then 

T = J?tBP2 = ^120x 17-72 = 8-4 tons, 

and by construction — 

Ti = 8-4 tons. 

Then, working as before- - 

W= 14-5 tons, R = 20-8 tons, and N = 20-42 tons. 



i resultant cuts the base ■i'1'2 feet from H. Hence Eqiw 
lomes 



2 >t 20-43 A, _ 
11-5 V 



, " 1 = 3-01 tons per square foot. 

I former value, as found in the [irovious example, was 3-22 

I Hence there is a difference of 0'21 tons. Tlie true value of 

I, ill order to make the proBsure equal, will be slightly less 

Eiin 11-5 feet, tall it 11' 3". 

The proper value of the base with a surcharge of S feet is there- 

'•re found from Kankiue's formula 

li + 2e ' 
where t" = the required thickness. 

/(= height of wall = 24 feet. 

/ = thickness without surcharge = 9'15. 

t = thickness with indefinite surcharge = 11-25. 

f = aurchai-ge = 6, 
r>ubstituting values 

x9-15 + 2«f 



r- 



24 + 12 



= 98, say 10 feet. 



The foundations would be worked out in exactly the same way i 
i!ie former example, and need not be again described. 



APPENDIX. 

of the pliuio of niptiu- 



I'hk method of flndiuu the poai 
K*rsum-e is a, maximuni ie &s FoIIowh : — 

Let Fiy. 219 niprosent a retuiniiiij wall witb tlie eartli above slopiag at an 
^^iglo less than ibe angle uf repose. Let ^ bo the angle of repone, and let _ 
*»« the unknown angle whiiiii the pluuu of ruiituro makes with the natural 
teltipa of the earth BD, 

i'lion, considering the weilgu of prism BAC, the foruea Acting on it are — 

1 1 ). The weight W of the priani acting at its e.g. 

I-';. The reaction R of the plane AB acting at i AB from the snrface A. 
* 1 >:ie the friction &liing the plane AB is neglected, but if we can asuertsin the 
^-^UB of Itie tbnut, ignoring friutinn, we can easily liuil ont subswiuenlily the 
'^nlne of the actual thrust when friction is taken account of. 

|3), K, the mininiiim reaction of the plane DC, when the uartli ia on th« 
P"»int of sliding, whii;h, owing to fi'iutioii, nrnkes an angle with ami above the 
' .r„alN=*. 

I'r.iw FE through the t.g. of the triangle ABC, «n.l e-iiiul to W on any 



the earth Pi»ii(ii.ii 

earth thni 



sua« of weigUt& Drttw FH psntltel to R and KH parallel to R'. Tbni t 
three furces acting uti the priam ABC are ad the sides of the triangle AB 
It ia required to tinil the position of the plane CB «o that HF ahsll ht 
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T js,S^<?^ 


\ I 


i^^^^ /i 
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<f 


B 









W /V;;. 219, 

We two tliot in the triangle HEF the angle HRF = CBD = tf, becu- 
NEC = »I>° = EBK^BK\V. But FKC^BEVV. tlierefore FEN = BBK = tf+f 
and lis NKH= ♦. HKF=ft Hence HF = FF.Un fl = W un f), where W»th 
woight nf thu prisiii ABI' one unit thick. Hence the maximum hurii<*ili 
.ihrnst^iiLiMioftriiiuyle ABCxtaiitf. 

Now ill /■•;./. •2-:») diuw the tri«ngle« ABC, ABU, an in Fig. 20H, an.i iwio. 




■^ *' J-'iff. 220. 
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«nd C let fall AF, CE perpendicular to BD ; also draw GB perpendicular to 
3D, meeting at G the surface slope DA produced. 

Let GB = o, Bn = 6, AF = a and CE = a:, the last varying with the angle ^. 
Let the angle CDB = /5. 

Then the horizontal thrust on AB = io x area ABC x tan ^, which 

= M' ( J ah - \ xh) tan $=^ wb x 



b-x cot ^3 * 

ivhere w?= weight of etvrth per unit of volume. 
Differentiating for a maximum — 

(b-xcotl3){ct-2x)-i-{ax-x'^ cot/3=0, 

or ah - ax cot /3 - 2ltx + 2x^ ^^^ P\_(x 

+ aa:cot/3 -^ cot^/~ 

x^cotf3-2bx = ah (a), 

which is an ordinary quadratic equation for finding x. It may be written 

ab -bx = x{b - X cot ii) = x X BE. 

But ah-bx is the triangle ABC, and srxBE is the triangle CEB. Hence 
the earth thrust is greater when the area ABC = CEB. 

Hence HF = «' x area ABC tan $ 

= w X area CBE tan 



X X HE X •, n / ,x 

2 '*BE = *'^ 0')- 



= m; X — _ X 



From Equation (a) above, solving for x— 

x — b tan y3 - V^' tan ^ [b tan ^ - a), 
and substituting values of tan ^ from Fig. 214 — 

x = c- \Jc (c-o) /yV 

.'. maximum horizontal thrust 

= \ w{c - Vc {c-a)), 

for which general expression graphic values are given in the text. 

When the surface is horizontal, the angle ABD is bisected by CB, and 
HF = KFten ^= weight of prism ABC x tan^ = J ir^^tan ^ = iMjA»tan«J(90- 4> ), 
siiice ABD ( = 2 ) is (90 - ). This is the same as Rankine's formula, p. 256. 
Hence, as in Example 14 in the text, the horizontal thrust found by the 
graphic method should agree with that calculated by Rankine's method. 
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Reservoir Dams. 

Practical Points in Construction. — History of the Theory of Design.— Sumnftry 
of the Main Principles of Design. — The Pressure of Water at Rest— 
General Wray's Method.— Sir Guilford Moles worth^s Formulse.— Messrs. 
Tudsbery Turner and Brightmoro's Theories. — Arched Dams. — Abutment 
Walls of Service Reservoirs. —Appendix. 

It might be supposed that the design of a masonry dam presented 
less difficulty than that of a retaining wall for earth, inasmuch as the 
elements of uncertainty, which, as we saw in the previous chapter, 
enter into the accurate design of the latter, are no longer present 
when we deal with water. 

On the other hand, the height of retaining walls is seldom more 
than 40 feet, whereas reservoir dams of four times that height have 
been built. The Periyar Dam in Travancore, 173 feet high, built by 
Colonel Pennycuick, C.S.I. , K.E., is the liighest as yet built— the 
Chartrain Dam in France being nearly as high — but there are some 
of a greater height now under construction in America, notalily 
the Quaker Bridge Dam for New York, which is 240 feet high. 

However well, practically, approximate calculations may <io in 
the case of comparatively low retaining walls, the greater height 
and weight of dams require more exact treatment. The disaster 
which attends the failure of these structures necessitates the most 
careful consideration of the conditions of their stabilitv. 

Iti these pages the assumption usually made in treatises on this 
subject will be adhered to, viz., that the masonrj'^ is a rigid homo- 
geneous mass resting on an elastic foundation. It follows, therefore, 
that in actual construction the utmost care should be taken to ensure 
homogeneity throughout ; the masonry should be of uncoursed rubble 
or concrete, with no horizontal joints ; there should be no voids or 
hollows left in any part, every stone should be firmly bedded, ami a 
thorough incorporation of the courses (if concrete is used) must be 
arranged. The mortar should be of hydraulic lime or cement, and 



ipnlona care should be tAken to have it free from nil dirty 

tides, henue tlie water used must be perfectly clean. Hydraulic 
i nither than Portland cement is now advocated by some eminent 
iiieera, because it sets more slowly, and is, therefore, less liable 
l>e weakened by the inevitable settlement which must take place 
ing the progress of the work. In the Periyar Dam the mortar wafi 
THulic lime, locally procui'ed, and surkln (crushed brick) ; concrete 
le of this gave most excellent resiiltR in point of strength. At 
Neuadd lieservoir in Wales now (1897) under construction, the 
'tar used is Aberthaw lime and crushed rock. This lime is very 
ifully ground. The engineer of this dam is Mr. G. F. Deacon, 
nst.C.E., whose experiments on hydraulic lime have been most 

'he foundation of a dam must be taken to a solid ruck bed, ami Fuundutiau 

> should be taken that no wnter gets below the foundation, either "p""!**- 

eakage from thii ["eBervoir, or !jy springs from helow the dam. 

niter thus gets below the structure, it will serioualy affect its 

lility by causing "uplift." At the Vyniwy Dam in N. Wale* 

e are olalKirate arrangements for draining oS' water from spritigs 

iw the actual foundation bod, which are well worth studying 

Minulee cf thf. Prorefdinffs nf the lasliluttoH of CivU limjineers, 

CXXVI., pp. 29, 30). 

Jiiilmy of the Theort/ of Dmign. 
efore proceeding to discuss the principles of desi;(ii involved in 
amy dams, it may be of use to give a brief narrative sketch of 
development of the theories on the subject. 

p to the middle of the present century, masonry dams, of which Kwliesi 
c were a good many in existence, especially in Spain, had chiefly \^[^^ 
I built with little pretensions to scientific adaptation of means to 
Most of these were huge blocks of masonry, much of which 
wholly unnecessary, and some of it wua in danger of being 
hod by the mass above. In las.'J, however, Franch engineei-s 
whose labours about that period, in connection with a ditl'oront 
ich of hydraulics, viz., the flow of water in pipes, the world 
U'ge is so much indebted) began to investigate the tme principles 
uasonry dams, and to demonstrate that in rogaixl to these 
cuires certiiin doUnite principles should be followed. Those 
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''urenM dam. 
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iew8. 



^o tension at 
.ny part. 



principles were : — (1). That the pressures sustained by the masonry 
or its foundations must not exceed a safe limit. (2). That there 
must be no |)ossibility of any part of the masonry sliding on 
that below, or on the foundation. It was also laid down that these 
conditions should be fulfilled when the reservoir was full, and when 
it was empty. As it was considered that there would be little likeli- 
hood of failure by sliding, the earliest writers on the subject, 
MM. Sazilly and Delocre, were of opinion that investigation 
might be limited to the consideration of the maxima pressures at 
various horizontal joints when the reservoir was full. On these 
lines several dams were designed in France, notably one at Furens* 
in the valley of the Loire, 50 metres high, which fairly startled the 
engineering world by its boldness. 

The next writer on the subject was Professor Kankine, who, while 
accepting the conclusions of the French engineers, pointed out that 
some difference should be assigned to the maxima permissible stresses, 
as calculated by ordinary methods, in front and in rear of the section 
of a dam. The former writers had treated the subject in much the 
same way as enclosure walls, buttresses, etc., are treated in Part I. 
of this treatise, where the wall is assumed to be subject to the same 
rules as a beam, and therefore the component of pressure, which is 
normal to the pressed surface, varies uniformly. This assumption, 
according to Professor I^nkine, is " probably very near the truth in 
walls of uniform, or nearly uniform, thickness ; whether, or to what 
extent, it deviates from exactness in walls of varying thickness is 
uncertiiin in the present state of our experimental knowledge.' He 
considered that the limit adopted for the permissible intensity of 
pressure should be lower at the outer than at the inner face of the dam, 
because the direction of the pressure exerted among the particles ot 
a joint in the masonry close to either face is necessarily a tangent to 
that face, and unless the face is vertical, the pressure found by 
means of the ordinary formulie is not the total pressure, but only its 
normal component. 

Professor Kankine introduced another and most important element 
of security, viz., that it was most desirable that there should be no 
tendon at any joint at any secoion, or in other words, that the line of 
resistance should everj-^vhere, and under all circumstances lie within 
the centre third of the joint. He proposed a form of dam of which 



* The details of this dam, and tlie calculations connected with it, aregi^*^" 
in Spon's Dictionary of Eiujinttrimj, article, *' Damming." 



inner and outer fiices were Ii>gariihmiK curves. Hu fixed the 
w'Smit of prosaiiro intensity at 20,000 lbs. per square foot of hori- 
arntiit surface. 

In 1872 Colonel (now Major-Genera!) Wray, C.M.G., R.E., ( 
(oUowing Professor Hankine'a principles, 
devotei] atti'ntion to the subject in bis Smnr 
ApiJioilU,ii.-< of 7'/ir.,n, l„ the PnvUrt af Con- 
tIniHinii. He consiiiereil that Professor 
Runkine's limit shoiiM be modjficil at the 
outer face to 20,000 lbs. x i (!+cos 6). 
being the angle which the outer face makes 
with the vcrlicjil. U T (Fi'j. 321) be the 
pressure tangentinl to the face, and 
V = AD = vortical component, he proposed 
that T should lie tiiken between CA and AE, 
i.e., V sec ff and V cos H. Working out examples of reservoir walls 
200 feet high, under certain conditions of weight of masonry, be 
demonstrated that Professor Kankine's typical curved section 
demanded modilicalion to suit various classes of masonry. 

The fact which Professor liunkine had been the firat to notice, ^ 
viz., that the maxima streasea permissible should vary for the 
up-sti'eam and down-stream faces, hail meantime attracted attention 




Fi;/. 22t. 



I fra 



I 187; 



M. Bouvier, in the 
Annalfs des P'm h H 
Ciuivjix^ei, published a 
paper on the subject 
embmlying researches 
which be Inid made. 
He pointed out that 
if A BCD represent 
{Fi'j. 223) the section 
of a dam, the reservoir 
being full, and mii he 
an imaginary horizojital 
joint, the real expres- 
sion of the presBui'o is 
not found by taking the 

normal component of p- .-,.-,.-, 

the resultant pressure 
acting at ii (tlie ccnUe of pressiu-o), but by tonsideriu 
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which forms with mn an angle, a = the angle between the resultant B 
and its normal component. Then the maximum intensity of com- 
pression becomes 



Y = 



/cos 



for all cases where d is greater than - . 



Where d is less than 



3* 



Y = 



2R 



3</ cos a 



These pressures will bo considerably greater (in the proportion of 
1 to sin^ a) than those calculated on the hypothesis formerly held, 
where (as shown on p. 302, Part I.) 



,=»(,-^, 



N being the normal component of R. 

In general it may be stated that the French school of writers on 
this subject devoted their attention to the form of dam in which the 
compressive stresses should nowhere exceed certain limits, whether 
the reservoir were Ml or empty. 

In 1874 Sir Guilford Moles worth framed some empirical formula 
for connecting the pressure, the depth below the surface of the 
water, and ordi nates from a vertical line to the up-stream face and 
down-stream face respectively. These formula3 were modified by 
him after the publication of M. Bouvier's researches, and were 
published in a paper printed at Roorkeo in 1883. The formula are 
as follows : — 

If x = depth below the surface of a horizontal plane in feet. 
// = the ordinate from a vertical line on that plane to the outer 

edge of the down-stream face, 
c = the ordinate from the same vertical line to the edge of the 

up-stream face in feet. 
P = limit of pressure permissible in tons per square foot 



Then 



V P + -03X 



as a maximum, 



and 



. /•OO.rV 



Pennycuick'i 
invegtigation 



In these formula, variations for the specific gravity of the masonry Specific 
not included. Sir G. Molesworth points out that this does not Sasonry'doe 
niaterially affect the profile of the dam, because, though heavier J»"* ^^^^ 
masonry generally involves increased pressure on the base of the 
dam, yet the resultant pressure in such a case cuts any joint at a 
point nearer to the centre than would be the case with a light 
masonry ; hence the maximum intensity of pressure is not increased 
in proportion to the heavier weight of masonry. In the paper above 
alluded to, examples are given, worked out in detail, for a dam 180 
feet high, with masonry weighing 145 '6 lbs. per foot cube (see 
Fig. 3, Plate XXL), and there are also several other sections of 
existing dams, with the section that would liave resulted, had these 
formulae been used. 

Before the publication, however, of the modified formulae just Colonel 
mentioned, Major (now 
Colonel) Pennycuick, 
R.K, in a report on the 
Periyar Project, pub- 
lished at Bangalore in 
1882, had brought for- 
ward a new view of 
the case. He main- 
tained that in order to 
obtain the maximum 
pressure at a given 
point such as E 
{Fig. 223) on the 
outer face of a dam it 
is not sound to con- 
sider a ho)izonial joint 
through that point, as 
advocated by the 
earlier writers on the 
subject; nor did he 
accept M. Bouvier's 
theory, maintaining 
that there seemed to 
be no reason for trans- 
ferring the effect on 

any horizontal joint to some other imaginary joint. He considered 
that the greatest intensity per square unit at a given point such as E 




Fig. 223. 
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would not be found by considering a horizontal joint as EF, but 
some indineil joints such as EF', the portion ABEP being subject lo 
greater stress, obviously than ABEF. The position of FF, which 

EP- 

gives the maximum pressure at E, is approximately — j— , where k 

is the depth of water above EF. "Neither the old method nor 
M. Bouvier's take any account of the portion of the dam below the 
line EF, and the pressure at E is the same, whether the total height 
be AF or whether it be infinite." ** If the depth FD l)e less than 

FF- 

4— 1 the maximum pressure which would occur in a dam of infinite 
It 

height can never be reached, an<l the greatest pressure at E can only 

be that due to the portion of the dam ABED.'' 

Following out this piinciple, Major Pennycuick evolved a 

formula, which ha<l been found to give results so nciirly accurate 

that it might be adopted without risk of error, where x and // having 

the same values as in Sir G. Molesworth's — 



= 7-67/^/ 



jt u- +TV - <^) I 



(Jencral 
MiiUins' 
fomuiln. 



Mr. Wep- 
niann. 



MeHsrs. 
Turner and 
Brijjhtnion*. 



where p = limit of pressure in lbs. per square foot. 

Lieut. -General ^lullins, K.E., htis proposed* another general 
formula — 

•' A' p-fo-or) (./•-/>) 

where /> = breadth in feet of top of the dam, the remaining symbols 
being the same as in Sir G. Molesworth's formula. For dams whose 
top is less than \'i feet wide the formula is somewhat modiHed, and 
becomes 



^ ' > P-f OOd (j' - il) 

In 1893 Mr. Wegmann, in America, published a monograph on 
masonry dams, in which he gives suggestions for modifications ot 
Rivnkine's j)rofiles, and j)roposes various "j)ractical profiles ' for 
various cases. 

In the same year Messrs. Tudsberv Turner and Brightmoi'i^ 

• • 7 • 

published their admirable treatise on Thr Principles of JVatermfi^' 



* MimUes of Procftdwgs, Institution of CinI Eufjineers, Vol. CXV., p. l"^- 
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Engineering. Taking into account all that had been previously 
published on the subject (except Sir G. Molesworth's revised 
formula, and Major Pennycuick^s Anews on the matter), they 
elaborated a new method of determining, by strictly rational 
processes, an economical section that was in strict accordance with 
the conditions of strength and stability. This process will be 
described later. 

In 1893, also, Professor Kreuter, of Munich, read a paper at the Profeswir 
Institution of Civil Engineers in which he proposed a section where 
the water pressure on the up-stream face is, after the dam has 
reached a certain height, utilized to assist the stability, and thereby 
to introduce economy into the section. This is done by increasing 
the ordinates of that face to form a considerable curve up-stream 
(see Fig. 224). This section, however ingenious from a theoretical 



Kreuter. 




Fig. 224. 



point of view, did not meet with approval from practical men, 
because it not only neglects the effects of bcn<ling moments, but 
assumes that the nuisonry is, and always will renmin, water ti^ht, a 
condition of things impossible to realize in practicM*. 

In April, 1895, the dam at Bon/oy, near K|)iiiul, France*, buiNt, Kailmv t.f 
affording an object-lesson to engineers of all countritiM, wliiuh they '.'j^^"'^!^', 
were not slow to take advantiige of. The fact that this dam had 
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been designed of such a section that at certain parts therevasa 
definite amount of tension at the up-stream side is very noteworthy. 
This was one of the points overlooked by the engineers of die 
French school, though insisted on by Bankine. 

As a natural consequence of this failure much attention bas 
recently been paid to the subject, and many articles, etc, have been 
written about it. Of these, the most important are the Sep(^ (f 
the Speciid Commission of the " Fonts ei ChaussSes,^ and an article bj 
Professor Unwin in Cassier's Magazine for November, 1896.* In tbe 
latter a fresh danger attending the existence of tension on the 
up-stream side of a dam hjis been pointed out. If the resultant 
pressure, as in Fig. 225, lies outside the centre third, the stress at 
b is tensile. Now we know that the adhesion of mortar to stone is 
not great, even though the mortar itself be of good quality ; hence 
a slight amount of tensile stress is likely to produce cracks. When 
once a crack is formed, as at g (Fig. 226), the water pressure inside 





Fig. 225. 



Fig. 226. 



the fissure, acting upwards, reduces the weight of the rock abovCr 
causes the resultant to move nearer the down-stream edge, an» 
consequently increases the tension at g. Thus the fissure increasesr 



* And in Minutest oj ProceediutjM^ Iiuttitution or Ciril Enmnur^t 
Vol. CCXXVL, p. 94. 
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Ae process goes on until ihe dam ib overtiinici]. The eflect of 
i-tension is, therefore, [H'ogressive, and this may iicconnt for the 
^lure of a ibm such nn that at Boiizey, which h.-ul stood siifficieiitly 
'ell for years. There is, therefore, this peculiar danger of tension 
1 a masonry dam, in that, if a fissure does open, a new and fiin- 
nuallp inrreasiiKj ^ira.\ning force cutneB into play at the weakest point. 
There is yet aiiolher danger from water percolating into a dam. |>ui^ri>f 
ls long as the masonry is water-tight, the resistance of the dam to ^'"""^u 
luling wiil Iw (ai- greater than the shearing force produced by tlic jwrwittHBi 
Iter pressure; but when a thin film of water intervenes, the 
iclion of tho mass above is very materially reduced. (Tliia is the 
«ll-knowii principle of the rlirmin lU frr glismnl). It follows, 
terefore, that if there be a longitudinal fissure extending for some 
islancB into the masonry the efl'ective area of resistance to shearing 
'ill bo much reduced, and thus a force, which under water-light 
>nditiona is not worth considering, becomes, under the filtered 
)nditions, of serious importance. When the masonry is built of 
orizontal coui-ses the tendency to shear will l>ccome all the greater. 
In 1896 the Periyar Dam was finished, and an account of its l'«riyarDM 
>nBlruction rojid in a paper by Colonel Ponnycuick at the 
iBtitntion of C.E. in January, 1897. The dam had Ijcen severely 
■led by Hoods shortly after completion, and had shown no signs of 
eakness. Designed on the principles above indicated in the 
4port of 1882 {though s'ightly modified), its section is shown on 
lofe XXL. where, for purposes of comparison, sections to the same 
Bile of a dam worked out on Messrs. Turner and Brightmore'a 
cinciplo, and another worked out by Sir G. Molesworth's formulie, 
re shown on either side. In the discnssion which followed Colonel 
eunycuick's [laper, it was descril)ed hy one of the members 
tdr. Farren) as "the only rational dam in the whole of the British 
linpire." It is interesting to note that the cost is extremely 
moderate : it can impound 6,800 million cubic feet of water lit a cost 
f less than £14 per million cubic feet, or about £,i\ per million 
aliens. The cost of the Quaker Bridge Dam is estimated at .£36 
et million gallons. 

Prificiples of Dtsign. 

The following are, therefore, the main principles in the design of HnnciiJwi u( 

lasunry dams :— '•'*'?!' "^ , 

- ~ , pnivily inii!l 

iihe compressive stress on any unit shall not e.tceed in intensity ■■> » miiwnii 
"^ limit of pressure which the masonry is capable of bearing. "'"' 
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2. There shall be no tensile stress at any joint, least of all 
on the up-stream face. 

3. The resistance to shearing at any horizontal plane shall be 
greater than the horizontal thnist of the water at the level of thit 
plane. 

4. The thickness at the top must be sufficient to withstand the 
impact of waves or the thrust of ice. 

5. The foundation must be so secured, and the super- 
structure so built, that in no part of "the structure is there 
danger of percolation. 

The last condition is never perfectly fulfilled, but by careful use 
of materials, and careful supervision in construction, any sensible 
amount of percolation may be prevented. It is hy far the most 
important of all considerations in the matter. 

The problem of the design of a masonry dam to fulfil all the above 
conditions, with the most economical disposition of the material, is 
difficult and complex. 

Before considering the solution of the problem, it may be as 
well to recapitulate a few axioms, probably already well known to 
all readers of this work, regarding 



InteiiHity of 
presHuru of 
water. 



Th^ Prfsaure of JFater at Best. 

This pressure is — 

( 1 ). Directly proportional to the area of the plane or surface on 
which it presses, and nonnal to that surface. 

(2). Directly proportional to the depth of that surface below the 
surface of the water. 

(3). Et^ual in intensity in all directions. 

Let ABCD be a small tank with one vertical and one sloping side 
(Fi(j. 227), and let PIFGH represent any layer of unit breadth at a 




Fig. 227. 




n «le[)th = /i, Ihuii the pressure at EF iiiirl at GH will l>e the 
e, being ei^iwl to the wei{rht of a, prism of water of nieun height 
nd of unit area. The dirrctina of this pressure wiil by normal to 
surface in both eases. The magnituik of this pressure will be 
, Hrca X unit weight of wiiter x depth It = wh. 

1 this country the nnita usually taken are: — For depth, feet; for I'n'Wif 
;ht, lbs., the weight of water being taken at 62-D lbs. per fool cube. w^hTi,?" 
.s the pressure is directly pro]>ortionitl to the depth, wo may '^^''■ 
i-esent graphically the pres- "!'*''tV" 

1 on the vertical wall AB 
a triangle AUM where 

represents the pressure 

It = ((■ X h, and the 
1 pressure on the wall 
'h xl,li = ^wli^, which acts 
he e.g. of tiie triangle, i.e.. 
^ tile distance from the 
Iflce (Fig. 227), Fi'j. 228 
ws the graphic rcpre- 
.ution of the pressure on the sloping wall. 
I we consider the vertical and horizontal components of the Vwtjcal buJI 
)r, the horijiontal component will be the same as the pressure on lniii«oniftl 

iind the vertical component will ha the weight of a prism of pre«,un>. 
ar of unit length, and of cross section = the triangle CDN 
iig through its centre of gravity. 

hero is, ihoroforo, no difficulty in finding the pressure produced Aiii>um|«i.nu 
*ater on a face, ^'crticnl or sloping, of a masonry dam, assumed "ewKMiry in 
le impervious. The main difficulty of the problem lies in the in¥«.Mpni(>n. I 
.ngement of the material in tbn dam so as to meet the conditions 
lability mentioned above. The hyjiotheses assumed, viz. :^Thal 
the dam is rigid and homogeneoijs, and (2) the construction such 
; the stresses transmitted are either uniform in intensity, or are 
ormly transmitted, are only partially true, but, sineo in our 
lent state of knowledge we cannot exactly say how far they are 
inoouB, we assume for our purposes thai they are wholly true. 

Ofneral Writes Mdltod. 
ho following raethoii of ascertaining the section, so as to give J^""".''' 
lihty at various levels, is given by General Wray ;— muLhcKl. 

he actual section adopted in any given case dejiends to some Smrn- ihiok- 
;nt on the thickness required for the top. It would be possible ■, 



(it we neglect the tbichneas required to resist the impuct of wivw, 
etc.), to give a feather edge ut the top, but such & section wnuld 
pncticallj' be objectionable, even id the case where there is no chance 
of any ice to induce a thrust. In most cases the dam is made wide 
enough to admit either of the surplus water of the rcsei'voir flowing 
very gently over it, or else it is wiile enongh to admit of ihe full 
J. vridth of a road crossing the valley. Then, taking this defiiiiw 
width, and working downwards from the top, there is (1) a certjiri 
depth at u-hicii, by maintaining the mine thickness of wall as at llie 
top, the conditions of stability for reservoir full is j'ost falfiUcd. and 
for reservoir empty is more than fulKIlcd {Fig. 229). 

(2). BoUjw this section there is another (shown in Fig. 230), where, 
by giving a batter to the down-stream face, and lea^■ing the up-stre;ini 
face vertical, the lines of resiitance always lie within the centre third 
of the joint. 

(3). Below this section there is a third, where it is necessary » 
as to prevent the liiif 
the iip-Biream aide when 
the reservoir is empty {Fii;. il'dl). 



■TOO bntb gij,g ^ gijg[,|_ batter to the uji-Btream face, 
! falling too near the edge o 



Fig. 229. 




Fig. 230. 



Fig. 231. 



Fourth part, (4). Below this it is necessary to spread out the width {Fig. 232), 
ulci^^e'l ""^ '" '"'^^^ ^'^ kaep the lines of resistance within the centre third, 

but to keep the pressure intensity within the pt^scribed limits for 

the material. 
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i design of the tirst three parts can be obtained by algebraic expressions : — Calculation 
,^ Part.— F»>*t I'ttrt. 

^t »/.' = weight of water per cubic foot = 62*5 lbs. 

iv' — weight of masonry per cubic foot. If p be the specific gravity 

then xtf =.pw. 
a = depth from top of wall to surface of water. 
h = uniform breadth of the wall. 
A = required height to satisfy conditions of resultant falling within 

centre third when the reservoir is full {Fiy. 233). 
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Fig. 233. 



Fig, 232. 



taking moments about C, the outer edge of the centre third, moment of 
pressure 

= '^ = w'{hia) bx^ (1), 

b 6 



ce h is obtained. 

1 = 0, and we call w' = ptf\ then 



Fommla for 
height. 



ivh^ ic'hh'^ 



= P 



6 



ce 



h = b\/p. 



y easily applied expression. 

o/id Part {Fifj. 234).— Take any layer m feet high of width x. Then Second jxart 
g moments about the outer point of the centre third of DE, the moment J^'>t*» ^"t«*»' 
iter pressure = rectangle KL x distance of e.g. from the centre of "^^" 



Funuiila or 
width. 
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prensurc, + rectangle DK x distance of its e.g. from the centre of pressnre 
+ triangular portion x distance of its centreof gravity from the same point, U.— 

t> 



6 



.(2). 



Thin! an(i 

Fourth 

sections. 



from which the value of x at the depth a-t-h + mis ascertainable. In this W= 

portion already designed in the first part, KL. 

To find the limit Ijeyond wliich m mu5»t not be taken, the eg. of thewall 

al)ove the lowest extremity of m must be obtained, and a vertical line drawn 

through it. If this line falls outside the centre third, a fresh value of m mnM 

l>e taken. 

This metho<l is therefore one of trial and error. After ascertaining the 

greatest permissible value of w, 
the maximum intensity of pres- 
sure must be deteir mined hy 
M. Bouvier's rules. If this pres- 
sure is more than the material 
can safely stand the base must 
bo increased and the operatkn 
rep 3a ted. 

Thii-d and Fourth Stction*,-ln 
these sections the values of the 
breadth at successive depths muat 
l>e found somewhat on the 9U» 
principles as the foregoing. Trial 
and error must be applied, and it 
is considered that by a few trials 
the i>roper dimensions tan '* 
arrived at. The vertical com- 
ponents of the water pressure on 
the internal batter may Ihj taken 

into account in ascertaining tlie stability when the reservoir is full. 

All the dimensions winch have been calculated may then be plotted, and tne 

stability of the wall checked liy graphic stritics, as in the Example of a 

retaining wall in the previous Chapter. 




Fv/. 234. 



Kxaniplc of 

SirG. 

MoleswurtlTs 

formula 

applied t«» a 

dam 180 fwt 

high. 



Sir Guilford Molrsworfh's Methxl. 

Applying the forraulie arrived at by Sir G. Molesworth, given above, 
to the case of a dam 180 feet high (divided into imaginary plants, 
four in nnm])er, as shown on Fuj. 3, Plate XXL), built of masonry 
wcigliing 145-6 lbs. per square foot, and with a permissible limit ^^ 
stress = 20,000 lbs. per square foot, the following are the values 
of the various symbols, the width at the top being = 0*4//, «*t 
<t=10-8 feet:— 



PUnt. 
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B 








ipthof plane below surface) 


15 


90 


135 


ISO 
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S4 
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Wsximum 


27 


Ml 


B7-4 


1424 


dinute from vertiool to up-Btream 








3M 


IU-8 



9 givM the approKimate dimetisiotis nt the dam, atul the next 
p is to aficertnin whether the iateiisity is at all points within the 
escribotl limits. Tiikiri}^ the section of the dam drawn to scale, 
■we can easily iind the eg. of each portion, and, in the case of the 
"lowest portion, ihe common e.g. of the weight of the masonry 
"fcetween the planes r and '/, and the vertical w;iter pressure on the 
sloping side, up-stream, of the dam between these planes. The 
TDethods of finding these centres of gravity have already heen 
illustrated in the previoua Chapter on rctaiuing walls, as well as in 
Chapter II., Part I. (Sir G. Molesworth uses polar diagrams and 
funicular polygons for ascertaining these common centres of gravity, 
These are useful means to the end in view, but, as they do not 
necessarily form part of the solution of the problem, are hero 
omitted). 

We then draw verticals through these centres of gravity and find Liiw oi 
the iK)int3 v'here the line of resultant water pressure above each n-ursoirc 
pUne cuts each of these verticals. These points are marked on the 
section (FUj. 3. Plalf XXI.) by small circles. The line of action of 
tJiB resultant force is then easily obtained by laying off vertically to 
"Uiy scale the value of the weight above the plane plus any vertical 
Water pressure on the inclined face, and to the same scale, horizon- 
**Ily, the value of the horizontal water pressure. Completing the 
triingle by joining the extremities of the lines thus drawn wc have 
the I'csultant of the weight of masonry and of the water pressure, 
■*n(l where this line intersects the jilane will be the centre of pressure 
<*f the plane in question. 
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Line of 
reeiHt&iiee, 
reHtT\*uir 
empty. 



Messrs, 
Turner and 
Brightmort-'s 
calcnlntions. 



" Low ■' dunis 
and ** high " 
dami!^ 



Formula f(»r 
IwTwUh at 
any depth. 



When the reservoir is empty the line of pressure is found b^ 
drawing vertical lines through the centres of gravity of the portion* 
above each plane in succession. 

J/fvw7\s'. Tndsljeri/ Turner and Brightmore's Method. 

It has been mentioned above, in describing General Wray's method 
of investigation, that at a certain plane (fourth section) it is neces- 
sary to make the width of the dam greater than that which is 
required to bring the centres of pressure within the centre third^ 
because of the great weight of masonry above, combined with water 
pressure, which tend to cause a maximum intensity of pressure 
greater than the material can safely stand. 

Dams whose height is less than the limit thus obtained are 
denoted " low " dams, while those where the maximum intensity (^ 
pressure occurs in the base, and which are designed accordingly, 
are called " high " dams. " The relation of the breadth of the dam 
to its height is in the latter case dependent not only upon the 
position of the resultant stress, but also upon its amount, and the 
determination of this latter quantity strictly involves a knowledge 
of the very relation that is sought. In fact, the general form and 
the mass of the dam are indispensable data for the calculation of iU 
base."* General Wray proposes, as we have seen, trial and error, a 
method which has disadvantages. In the method proposed by Messrs. 
Tudsbery Turner and Bnghtmore the problem is solved directly. 
If Y = maximum stress intensity on any plane section (using the 
same notation as we have always done in this treatise). 
/ = breadth of the section. 
h = height below the water level. 

d = the distance of the centre of pressure from the extremity 

of that section. 

W = total weight of ma.sonry, plus vertical component of water 

pressure on the inner face, above the given plane section, 

the dam being considered of unit thickness. 

P = corresponding horizontal thrust of the water against the 

inner face. 
w = the weight of water per unit. 
It may bo proved (see Appendix to this Chapter) that 



t^MUi+^'f'l) («). 



* Priucipltis of Watenvorks Engineering ^ p. 217. Quoted by the kind p^^' 
mi.ssion of the authors. 



From this e(|uation llie Ijrradth is fuund witii :i hiuh (loL:ree of 
«r^i'euni(.}', if W is onl}' ajjpioxiniatL'ly known. It might a}){)ear at 
Mr.st .sight as if the presence of W in this equation made the whole 
"i-iseless, but as it only forms a small fraction of the whole the result 
"is comparatively aifected by a slight error in the computation. 

Having found /, the next step is to ascertain how much of it lies 
viiider the inner crest of the dam, i.e., within the vertical through 
-fcJie crest, in order to bring the resultant weight of the whole 

- smperincumbent mass of masonry and water to the distance one- 

%hird / from the inner toe. 

This is done by equating the moments of the vertical forces about 

- "Ehe point in question to zero. Thus 
^Fig. 235), considering a lamina of 

^.xmit thickness and of depth c, the rT ^'' ^ ^ ^ 

; Vipper and lower breadths being Iq / i n^ 

i-.<amd /j situated at depths h^ and h^ / ^ ^ 

■. %dow the surface, and x^ being the * ^, ^ 

^Tnerement of the breadth under the Fig. 235. 

inner face of the dam, it may be 

ed (see Appendix to this Chapter) that 




[ -^' (Ao + /h)(2^-3x,)- Wo(4^»-a:i) = (/3). 

This is an ordinary quadratic equation for finding x, and as t^ has Formula for 
; ■. leen already determined from (a), the precise value of W^* may be n]^^!^^^*"^ 
tied. The process of calculation may be repeated and applied to batter. 
lover laminse, so as to determine other values of L 
Fig, 1, PkUeXXl., shows a section calculated for a dam 195 feet Example. 
^' Jiq^ with p = 2'25, and 5= 10 tons per square foot. The triangular 
i^' jortion at the top is given for resisting wave action or to carry a 
roidway. It does not aflect the conditions of the problem down to 
\ the point A, where the vertical through the e.g. of the triangular 
lump cuts the inner third of the breadth. Below that point it is 
^ neoeesary to give a slight batter to the inner or up-stream face, so as 
to bring the resultant of the masonry (dam plus triangular piece) 
within the centre third limit. At the point B the weight of the 
r triabgiilar part becomes comparatively insignificant, and the inner 

[- • W9 and W] are the weights of the superincumbent masses of masonry above 
iff mad ij respectively. 

u2 
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Advantage of 
ucbeddamA. 



Suitability in a 
leep gorge. 



Pressure 
jarallol to the 
jhord of the 
ire. 



face may again be vertical down to C, where the limit < 
dam " is reached. 

Arched Dams, 

In some dams the plan is curved, so as to present a co 
up stream. In some few cases the cross section of th< 
be insufficient in itself to secilre stability. Usually the 
given so as to furnish an extra factor of strength from 
the horizontal arch. 

Major-General Sir J. C. Ardagh, K.C.I.E., C.B., has 
that " curvature on plan in long dams, though the incr 
of resistance to water pressure afforded by tlie horizon 
be insignificant, is of very great importance as an aut 
pensation for changes of length due to temperature, an 
has not received the attention it deserves." 

The Aqueduct Commissioners to the Quaker Bridge '. 
York are of opinion that, "in designing a dam to em 
narrow gorge, it is safe to give a curved form in plan, 
upon arch action for its stability ; if the radius is shor 
about 300 feet, the cross section may be reduced below w] 
the gravity section. A gravity dam built in plan on a c 
radius derives no appreciable aid from arch action so 
masonry remains intact, but in case of the yielding of 
the curved form might prove of advantage . . . The 
better adapts itself to changes of form due to changes of t< 

As the pressure of the water is everywhere normal to 
of the curve, it may be 
resolved into components 
at any point parallel to, 
and at right angles to, the 
chord of the arc {Fifj. 236). 
The former series of re- 
solved compressions, PP, 
tends to produce compres- 
sion in the up-stream face, 
and that compression would 
tend to counteract anv 




Fiif. T6^. 



tendency to crack, '•, caused by expansion or contra* 
mass, whkh is inevitable. This compression would 
independent of the arch action of the dam, since that 
place if the pressure were everywhere perpendicular 1 
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^ir^JDcurv.Ji 'jUeitsify' ^'928,SZ2 ions 
ouUl' hyCol. 



stress 
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J?loLn^ 
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deep fg 
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'tlio are, as HH {Fi'j. 236). It fiuUier tem!« to coiiBolidate the ^^^H 
nonry Iran aversely, a most desirable effect.* a 

The increase in lengtb, duo to the curved form, ia comparatively I 

ghl. I 

Bence the introduction of the arched plan ia generally an advisabio I 

■catition where additional Beciirity is reniiired beyond that which I 

ftfl^ordei-I by the stability of the cross section, calculated on the I 

^nciples discussed above. ■ 

Datns of the purely arched form are rare ; there are only three tiutanaaotfl 

exiBtciice, one in France, two in the United States. They are '"*'"*' <•"'"« 
(loiibtedly cheap, e.g., that of tho Bear Valley in California I 

pounds water at the rate of £\ >i9. 3d. per million gallons. I 

Messrs. Tudsbeiy Turner and Brightmoi'O point out with reference Limiia of M 

purely arched ilams that, provided the same maximum stress |''"i''"/"j""*j 
tensity is permia.'iiblo iii arclied dams as in those of the gravity dimir.. 1 

ition, there will oidy be a saving of breadth when the radius of I 

rvalure is less than 250 feet ; further, that the breadth should I 

eoretioaliy increase with the depth. Hence the use of such dams I 

lal be very limited, uidess a higher stress intensity be allowed in I 

em than that ordinarily permitted in gravity dams. In the Bear ^^^B 

illey I^ni the stress intensity is calculated at i}-'] tons per square ^^^^| 
It. Evidently such a structure ia in a comlition of internal strain ^^^H 
r in excess of that usually considered as safe. ^^^H 

jihiliiiritt fViilli of Sernee Jiir.iei-miri. I 

Service reservoirs are usually covered over, and this covering is KunTOmfitnJ 
B(|uently arched. Where the reservoir ia alwve ground, and the "" i"''"j'^|^!S3 
lUtment walls have no earth backing, they are subject when full to newrvoin. V 
roe distinct forces {Fig. 237), viz., the thrust of tho arch Q, the ■Jig.'^*"'' '*^ 
sight of tho abutment W, and the thrust of the water P. Of these, I 

and P can be foujid, the former approximately by tho principles ■ 

pluineil in Chapter X,, and the tatter accurately. The third M 

light W is unknown, and must be found by tiial and error. ■ 

Whore there is earth backing a fourth foi-ce, viz., the earth Kiii«m whnnl 
assure T, acts at the other side of the wall from tho water pressure, f ''•'(^ "^""^^ 
d at a point <^ of the height of the earth above tho baae of the abut- I 

)nt, and making an angle with the horiitontal equal to the angle I 

repose of the earth (Fi-j. 2.')6). I 

Zhe resultant stress in either case must cut the base within the J 

^^B * Ptvlemut Baker'i Ma^'Oiiri/ CoiinlrKction, II. ^'2. ^^H 



centre third. No tension should be possible, especially on th« sid 



where the water pressee. 
ami CaiUonmettts, p. 200). 



3 also The WtOar Su^y 0/ SamA 
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APPENDIX. 

Proof of Messrs. Tudsbeby Turner and Briohtmorb's Fotluvlx. 
W {Fig. 239) = total weight above a horizontal plane AB of the masonry, 

the vertical component 
vater pressure over the 
tr face of a dam (a 
ical section of unit 
;th being considered), 

let P=the correspond- 

horizontal thrust of the 

er against the inner face, 

let R = the resultant 

sure on the plane section 

Then 

P = J^6'A2, 

R = \/W« + P2. 



he maximum stress in- 
lity on a horizontal 
ion is, according to 
Bouvier's principle — 




Fig. 239. 



= y;cos^=Y 



W 



n = 



VW + P* 

Vw=^-fp^ 



e Y, n and t have the same values as on p. 301, Part I., i.e., < = breadth of 
base AB, Y = maximum intensity of pressure, AC, and w = the mean 
nsity of pressure, EF {Fig. 240). 




J^fL'Y 



But from Equation (a), p. 302, Part I., if (f^dtstasoe of tbe centre of 
pressure from the edge — 

which holds good, whether the thrust be normal or oblique. Hence {Fig. 240) 

/ = AB=AC + CD+DB=(when d is one-third of t), 

and substituting the value of n as found above), whence 

Fh _ YfVr 
W7 2\/VVTP»* 

and substituting j^ irA' for P — 

as on page 290. 

To find how far t must lie within the vertical through the crest, in order to 
bring the Incidence of the resultant weight of the whole superincumbent mass 

of masonry and water to the distance - from the inner toe, let mark 

that distance, and equate the moments of the vertical forces about to zero 
{Fig. 241). 

U t^ ^ 

\a.J 0—^ • 



• ' S 



. -A 



Fig. 241. 



Considering u lamina of unit tliickness and of depth 5 , the upper and lower 
]>rea<lllia of which are respectively 1^ and /i, situated at depths Ao *nd hi below 
the crest of the ilani, lot W© = total superincimibent weight on the upper surface 

of tlie lamina, acting at O^, • from the inner face, and let a:i = the required 

increment of breadth under the inner face of the dam due to the addition of 
the lamina. Then the weight of the lamina is 



'jL+!ixf>ir5. 



and the distance of its e.g. from the vertical axis (which is assumed to be the 
middle of tlie average depth, which of course requires ^ to be very small) is 

2 4 3 I2 
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The weight of the water over the inner face of the lamina is 

and the distance of its e.g. from is - - Jari, and the moment of Wq about Oj is 

o 



Wc 



c^^-y 



Tlie condition of equilibrium of the entire mass above ti and about 0| is 
therefore expressed by the equation 

P^^{3/,» - «i» + to, «„ + «,) - a,', } - -^i (A. + A, ) (a, - 3x,) - W.^*!-- ?« - x, ) = 0, 

as on page 291. 
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CHAPTER XIII. 



neers. 



Peculiar 
nature forces. 



Sea Defences. 

Materials. — Action of Sea-Water on Concrete. — Timber. — Cast Iron. — Wrought 
Iron. — Wave Action. — Classes of Waves. — Forces produced by Waves.— 
Internal Destructive Forces in Structures. — Design of Piers in Plao.— 
Section of Piers.— Various Methods of Construction. 

Importance of The subject of the design of structures to resist the shock of waves 
mUiterv^ensri- ^^ ^^ considerable importance for English military engineers, one of 
whose most important duties is the construction of coast fortifications, 
as well as of piers, sea-walls, and other similar accessory works in 
connection with W.D. lands on the seashore. 

The design of such structures differs so far from others that 
they are exposed to external forces of great violence and peculiar 
application. 

Before discussing, however, the nature of these external forces, it 
may be well to say a little about the materials which can be used. 

One of the chief re(inisites of a material which is intended to resist 
the action of the sea is strength and stolidity, and hence it has 
frequently been the case that massive stonework has been adopted 
where in a similar structure not exposed to the violence of the 
waves a lighter material would have been quite sutHcient. 

The heavier classes of stone, such as granite, basalt and gneiss, 
particularly granite, are well adapted for marine structures ; but, 
owing to the expense of such stone in certain localities, concrete is 
frequently substituted. It may be either formed in large blocks ami 
deposited on horizontal beds, or these blocks may be arranged with 
sloping beds, as shown in Fig, 242. In either case it is deposited so 
iis to have some form of key between one block and another. 

Another method of construction is to have two walls of blocks 
with loose concrete filled in between. Another method is to have 
the concrete deposited in large bags, which serve the purpose of 
protecting it from the wash of the waves until the cement has set 
Another method is to have the concrete en bloc. 



Materials. 



Htoni 



Concrete?. 



B how far the action of the sea Actiui 



Copin4f 




In all these cases the question 
lias a deteriorating effect 
upon the cement which is 
used for the matrix of the 
concrete, and what pro- 
portion of ceraent to sand 
in the matrix gives the 
hest resistance. To these 
important questions the 
best answer perhaps is 
furnished by experiments 
which have been made in 

v.-irioua parts of the world ., __i 

oxMnding over , perM of '^^5^^^%^^^5?^g5^ 

several years, and under /"j^, 242. 

conditions adapted closely 

to practice. Such experiments have been made in the harbour of 

La Kochelie* for some 40 years by French engineers, and their 

conclusions may be summarized as follows : — 

(1). Neat cements are destroyed more rapidly than mortars. 

(2). Mortars made of 1 cement to 1 sand, or I cement to 'i sand, 
are those which offer the greatest resistance to sea-water. 

(3). Mortars of hydraulic lime mixed in any proportion in most t 
cases commence to disintegrate after one or two years' immersion in p, 
sea-water. They crumble into pulp after periods varying in length, 
but usually not exceeding 15 years. 

(4). Concrete tesista sea-water better than masonry, owing to the 
greater density imparted to it by ramming. Of course this remark 
applies to concrete carefully and properly made, not carelessly mixed 
and consolidated, as is too frequently the case. 

(5). A rapid setting cement may commence to disintegrate after 
six or eight years, but it has been observed that it may last longer 
than 38 years without crumbling. 

(6), Free lime is most dangerous when contained in compounds 
burnt at high temperature. Any cement containing free lime is 
tinfit for nsc with sea-water. 

(7). It has been found that in lime morLtrs the cuiality of the 
sitnd had an important effect upon the resistance of the resulting 
concrete. Thus coarse sand gave much better results than line sand. 
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Probably crushed quartz and similar rock would give the best 
results of all (see page 35, Part I.). The main point to bear in mind 
seems to be that the voids in the mortar and concrete should be as^ 
completely filled up as possible, thereby increasing the density of the 
mass and reducing its porosity. 
^ (8). It was found that blocks of neat cement did not stand nearly 

so well as a mixture of cement and sand, and some authorities con- 
sider that the best mixture would be obtained by mixing a cerUio 
percentage of puzzuolana with Portland cement. The puzziiolaiuu 
will combine with the free lime, will contribute towards hardening, 
and will prevent the lime from forming dangerous compounds under 
the influcTicc of the sulphate and magnesia contained in sea-water, 
ngaway The great difficulty in connection with concrete work under water 
cxmioiit. j^j^g ])QQi^ t^hat the action of tides and currents washes away the 
cement and renders the mass of no value. This difficulty has been 
overcome, in some cases, by depositing the concrete in very large 
masses, where, as the cement has a very much higher specific granty 
than the water, there is comparatively little danger of the whole 
being permeated. At the breakwater of La Guaira, in South America, 
where this method was adopted, there were special arrangements for 
depositing the concrete in masses of about 100 tons at a time. Such 
a method as this involves, of course, special plant for deposition. 
Such a system does not entirely do away with the disintegmtion of 
the concrete, and it generally requires the occasional assistance of 
some divers. 

Some engineers have recommended that the concrete should be 
allowed to set partially before it is deposited ; others (engineers! 
have recommended a mixture of Medina cement with Portland 
cement. It is, however, doubtful whether this quick-setting cement 
would last under the action of sea- water. 
!ig. Another system which deserves careful consideration is by *' grout- 

ing," described in the J I.E. Professional Papers, 1889, by Mr. Kinipple. 
This consists in laying first under water the aggregate of the concrete, 
then letting down a pipe with one end penetrating the loose material, 
and the other end furnished with a funnel through which the mortar 
may be poured. It hjis been found that the cement permeates the 
whole of the loose mass of aggregate, displaces the water in the 
interstices, and cements the whole together. Mr. Kinipple recom- 
mends that " the cement should be mixed to the consistcncv of a 
stifT paste, then put in a tub and slightly thinned down by adding 
water in very small quantities, and stirred until the paste is reduced 
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to a thick gi'ouf., or just soft eiiouyh to leave the bm:ket from which 
U U to be poured an rapidly as poasiblG into the funnel at the head 
of the pipe. The tinor the cement, and ihe qiiiuker it is poured 
<lown the pipe to keep up a continuoua flow, the better." 

Comparing masonry and concrete, the latter has many 
;ul vantages : — 

1. All stuuring and dressing is dispensed with. 

2. Small, hard, local stone can be used. 

3. It seldom requires powerful machinery to move, 

4. It adapts itself to the irregularities nf the foundation. 
To pass now from concrete lo other materials. 
Timliirr, although largely used for piers and jetties, cannot be Timlmr. 

I'egardod as peiminenCli/ a good material, because it is liable to the 
attacks of boring worms. These creatures are prevalent all the 
world over, and although it has been alleged that certain processes, 
such as vulcanising, have the effect of rendering the timber unpala- 
IaIiIo to them, yet the information on this subject has not as yet 
passed the early experimental stage, and it is impossible as yet to 
place any reliance upon it. Of all timbers, greenheart is that which 
is most durable for marine work, Gienerally it may be said to ho 
jiroof against worms, and when it will not bold out against them, no 
fjther timber will. Some of the Australian timbers are said to be 
very good. 

Cast inm is largely used for the standai-ds of piers and jetties Cnet Ii 
exposed to the action of the waves. There is no doubt that the .ten- 
water has some deleterious effect upon it. General Sir Chas. 
Pasley, R.K, in reporting on the metals found in the Roi/iil Gem-ije 
and Eil'iiir, stated that cast iron had generally become r^uite soft, 
mid in some eases reseral)led plumbago, whereas wrought iron was 
ti'it HO much injured, except when in contact with copper, or brass, 
'"■ gun-metal. C.iat iron intended to resist sea-water should bo 
"f close-grained, bard, white metal.* In such the small quantity 
■'( contained carbon is chemically combined with the metal, 
l>ut in the dark or mottled iron it is mechanically mixed, and such 
iron soon becomes soft when exposed to sea-water. Generally it 
niay bo said that cast-iron pile^ made from hard, while, or tight grey 
castings are the best for sea work, and may remain secure a long 
*ime. 

With regard to wrwujkl iron, which we know corrodes more rapidly WrouBM 
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in fresh water than cast iron, there appears to be comparatively l^s 
deterioration when exposed to sea-water. At the same time, there 
is no doubt that considerable corrosion does take place, and particu- 
larly in those parts between tides which are exposed alternately to 
water and air. 

How far a screw-pile pier will be effective in breaking the force of 
waves is uncertain. After some time, continual vibrations tend to 
loosen the joints, and deterioration will be produced in them, by 
repeated shocks and by rust. 

Whatever the materials used, the resistance which they will afford; 
may be either : — 

(a). Dependent solely on the mass or weight, or 

{b). Dependent on the strength of the various members and their 
connections with each other and the bottom. 

Of these two classes of resistance the former is unquestionably 
preferable to the latter, if circumstances admit of its practical 
application. 

External Forces. 

We now consider the peculiar action of the forces upon any 
engineering structure exposed to the sea. 

JFave Action. — This is by far the most important of all the con- 
siderations under review. The exposure on any given coast may 
to a certiiin extent be estimated by an experienced person from the 
appearance of that coast. In general, however, the safest guide to- 
the exposure is the level below the surface of low water at which 
mud reposes on the bottom of the sea.* On the coast of Holland 
mud is found at from 12 to 16 fathoms; at the mouth of the Elbe, 
at 8 fathoms ; at Wick, from 60 to 70 fathoms ; at the Moray Firth, 
about 35 fathoms ; off the Firth of Forth, about 30 fathoms ; and on- 
the Coast of Norway, from 40 to 50 fathoms. Thus, taking the North- 
Sea alone, these data would indicate that the Southern and South- 
Eastern coasts are the least exposed, and the Noi*th of Scotland the 
most, a conclusion which is amply justified by facts. Similarly, in 
Ireland, on the West, the mud level is 40 — 60 fathoms; near Dublin 
it is about 20 fathoms, and at Belfast Lough 5 fathoms, below low 
water. 

W^aves are caused by wind-pressure acting on the water of the 
ocean. They appear to roll onwards, though really the form and. 



* Stevenson, p. 19. 
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energy of the wave only, and not the mass or volume of the water, 
is transmitted through the undulations. 

Apparently the volume of water is moving forward, but really this 
is not the case, as we can see if we fix our attention on some floating 
object, which, it will be seen, does not move forward, but oscillates 
to and fro within certain limits. 

According to Professor Eankine,* the path described by each 
particle of water is elliptical, 
following the direction of 
the curved arrows in Fig. 
243, in which the straight 
arrow denotes the direction 
of propagation. 

Near the surface the par- 
ticles describe the largest 
orbits, the extent of the 
motion, both horizontal and 
vertical, diminishing as the 
depth below the surface 
increases, "but that of 
vertical motion more 
rapidly than that of ^ the 
horizontal motion, so that 
the deeper a particle is 
situated the more flattened 

is its orbit, as indicated at A, B and C ; a particle in contact with 
the bottom moves backwards and forwards in a horizontal straight 
line as at D." 

The length of a wave is the distance between two successive crests; Length, 
the depth is the vertical height from summit of crest to the lowest p^J^oci o" 
point of the trough ; the period of a wave is the time occupied in waves, 
traversing a distance equal to its length, or the time which a particle 
takes to make one complete revolution. 

The form of waves is approximately cycloidal,, and usually the 
orbit of the surface particles approaches a circle. 

Where a series of waves advances into water becoming gradually 
shallower the periods remain the same, but the orbits of the particles 
become distorted, as in Fig, 244. The velocity of the lower portions 
is checked by the friction of the shore, until at length, the front of. 



D 
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Fig, 243. 



* Cii'U Enginterimj, p. 753. 
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Long low 
vravtitM moru 
destructive 
than short 
)iigh ones. 



the wave passes the vertical, its crest falls, and the wave hreaks into 
surf, with a forward motion due to the velocity of the wave. 

When waves roll againt a vertical wall, or even one with con- 
siderable btitter, they are reflected, and the particles of water for a 
certain distance in front of the wall have motions compoonded of 
those due to the direct and the reflected waves. 

Since the velocity of waves is the chief determining factor in tkdr 
impact, and since the |)eriod of waves is constant at a given time and 
j)lace, it follows that long low waves, traversing a greater space in 
the same time as short high waves, must have the greater velocity, 
and therefore greater destructive effect, oHeris piribuSf than waves 
which may appear from their height to be more formidable, but 
which may be only due to surface agitation. 






Fi(j. 244. 



Siirfac*^ waves 
and rolliM-s, 



Fetch . 



The magnitude of the force in tlie case of long low waves is only 
manifested when the continuity of transmis.sion is broken bv a soM 
<>l>stacle, such as a cliff or a light-house. The spray dashed up on 
cliffs after a heavy storm, when the surface of the sea maybe unbroken, 
is evidence of this. 

There are two classes of waves : — 

1. Oscillating or surface waves, where the length is small compare^^ 
with the depth of the water. 

2. Waves of translation or rollers. 

Of the two the latter are by far most dangerous to structures. They 
constitute, in fact, a vast mass of water transmitting energy in ou*^ 
direction with considerable momentum. 

It has been found by experience that waves are largest in the oiW* 
sea, hence there must be some ratio between the height of th*^ 
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»VC3 auil the distiiuec from which they have travelloil, This dis- 
mce is called "fetch" or "reai:h"of the open sea. It may be 
keasiired fi'om a map. Its effect is modified in any given case by 
W intervention of a headland in the vicinity of the site in question. 
The following empirical formulie have been used, and arc fairly ^' 
niurate : — w 

If A = height of waves in feet, and 

(i = distance from the windward shore in miles, 
rt = co-efficient varying with strength of wind. 



Then 



h = .tjd = 'i-5jdii 



1 rule. 



For short distances the formula may he taken as follows :— 

In oceans the height amounts at times to 30 or 40 feet. During 
, gale the forma of waves are vary irregular, and it is not [wssible 
o trace any individual undulation for a long distance. 

The limit of depth below which one can reckon that wave-action I. 
ceases is, approximately, 20 feet below low water. Immediately " 
t>«low low water level a sudden reduction of force takes place. 

A few instances of recorded wave force may be mcntioneil here. V 
Al Wick, in December, 1872, a block of coocret« weighing 1,350 "' 
tons was bodily moved. In 1877 a mass weighing 2,600 tons was 
removed. In both these cases the superstructure of the wall alone 
Was affected, and the foundations were left intact. Mr. Stevenson 
(luotes several most remarkable instances of largo rocks having been 
ifMrried from positions above high-watei* level and moved a con- 
nderahle distance. These cases occurred on the exposed coasts of 



The actual force of waves has been mcasiu'ed by the blows 
delivered on a dynamomator placed so as to be immersed at 
i tide. From experiments made by Mr. Stevenson in the Atlantic 
Ocean, near the Hebrides, and on the North Sea, at Dunbar, and 
'1 Banffshire, it was found that the maximum wave force was 3 to 
H ton* per square foot,* being greater in winter than summer. 

The direct horizontal force of the waves, however, is not the only p-uurdunj, 
'jPo which wc have to consider in their effect upon a structure. There fiTOM 
,Mft indeed four distinct forces :— '^'^^ 

be no doubt lliat higher rcmills may bo ubtuined (Stevenson). 



lorizontal 
orcv. 



LTpward ver 
:ical forci>. 



Downu'ard 
k'i»rtical ft>rct.' 
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(1). Direct horizontal force. 

(2). Vertical upward force acting against any projection. 

(3). Vertical downward force, as in Fig. 245, from spray or warn 
falling. 

(4). Back draught This is the force produced by a reeedng 
wave, which tends to move the bed of the foundations and to nndv- 
mine the lower courses. 

(I). Horizontal Force. — We have already seen that the rnvdmn 
horizontal force measured by dynamometer was 3 to 3| tons per 
square foot. This maximum force probably acts at about the lend 
of high water. But it has been found that the most dangerow 
waves happen, not at high water itself, but at | tide, both on the ebb 
and flow. 

(2). As regards upward vertical farce, experiments made by Mr. 
Stevenson have shown that the vertical force tending to raise tin 
projecting coping of a sea-wall 23 feet above water level was at Ims^ 
84 times greater than the horizontal force tending to thrust it iiiwaids. 

(3). Vertical Domnoard Force. — This is due to the vertical descent 
of spray dashing against an obstacle. 

It has been found that spray rises seven times higher than the 
height of the waves which produce it on a hollow or curved wall, and 
iih times higher on a vertical wall. The actual amount of this force 
per square foot can be calculated from the consideration of the 
momentum produced by a cubic foot of water falling freely from such 
a height. 
Itoc-k (liTiiight. (4). Back Lhaught, — From experiments made by Mr. Stevenson, 
back draught was found to be three times the direct force. 

We thus judge that as regards the vertical section of a pier or 
structure the weak points are the top and toe. Hence the importance 
of the contour of the wall, the qmlitii of the Diasonrij, and the form of 
the parapet. No projecting coping or string course can be admitted. 
The surface of the roadway should be paved with such heavy stones 
that they cannot readily be dislodged by falling spray. 

It must be remembered that the action of waves on a structure is^ 
dynamical. It has been referred to in Part I, p. 5, as an instance of 
live load, but this is hardly correct, as it cannot be regarded in any 
way as statical load. Water flowing through an ordinary supply 
pipe, and shut off suddenly, will exert, as is well known, an extt» 
pressure throughout the pipe over and above the pressure due to the 
head of water in the pipe. This extra pressure is caused by the 
sudden arresting of the velocity of the moving water. 
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\ the case of wave action on marine structures we have a moving 
sa of water whose velocity is suddenly arrested, and whose mass 
far in excoss of any quantity ever passe<l into supply pipea by 
man skill. The dynamic foree, therefore, in almost every case 
Et he great, and in times of storms it becomes gigantjc. 
The relations between velocity and head or hydrostatic jiressure 
ferretl to on p. 323, Part 1) hold good in all cases ; hence if we 
I ascertain the velocity of the waves, we would easily calculate the 
resjionding hydrostatic {but not hydrodynamic) pressure that 
iild be produced. Mr. Shields, in his book on Harhmr Const rvrtkni, 
es that in a storm at Poterhe;id, in 18S8, he calculated from 
ervationa that the vclocitiea of waves on a particular occasion 
re 41 feet per second. From tlio equation t>= •Jiijh, this would 
respond to a head of 26 feet, and this head would be equivalent 
n pressure of 1622 Iba. par square foot. But the dynamical force 
[ha waves has been registered at ns much as 6,083 lbs. per square 
<t, horizontally. 

iVhon we come to consider the vertical force produced by falling 
BS03 of waves, we sea that the dynamic force will be that due to 

mass fulling through the height to which tho water has been 
jectcd. That height has often been observed to bo at least 
) feot,* which would correspond to a velocity of 80 feet per 
ond, 

Thus we see that the veitiuiil downward force is much greater 
lH the direct faoriitontal force. 



Dfslnu-tive Fomx Adin-j Inknially in ii Maummj StrwAure. 
\n addition to the external forces above mentioned, there are 
enial forces produced in the interior of a masonry pier or break- 
iter exposed to wave action : — 

(1). By vibration from the shock of waves throui;h the whole 
iicture. 

(2). By the direct communication of the impulse of the wave 
^un through fluid in tho joints or interstices of the loose hearting. 
(3). By sudden condensations and ospansions of the air in the 
•rting, tending to loosen the face stones. 

' Sir .lohn Jiuikam. rontrnct'ir iit the AWemey Breakwater, has sUted 
>t hu hua twpti water prujented to u liuiglit of SUO fuet in a. gfiXa (Miimlfi of 
■D-wrfi'dg-, /,M(iV«/«.ii o/ CiM Emjirw-n. Vol XXXVD. p. 90). This 
nvaponilii to n velooity a( 113 fool per iecoud, ittiU eiuih cubic fool of 
U«r wonlil liiLve a momeutum of 02-5 k 1 13< = 7I)H.<M2 foot-lbs. 

x3 



(4). By the hydrostatic presuire of the water which is in ihe 
interstices, and which, when under any pressure, will act upon all 
surfaces with that pressure like a Bramah press. 

For instance, in the pier shown on Fig. 245, built of two face 
walls, loose hearting and a roadway, if the interoticee of the hearting 
arc all filled with water before they can be protected by the roiwi- 
way, any pressure produced subsequently by the vertical dowowuil 
force will be transmitted laterally and tend to burst the work 
asunder. This has frequently been a cause of niin in sea walls. 




Fiff. 245. 



If the roadway which protects the hearting be made air-tight, and 
if the joints of the face be left open, the direct horizontal force of 
the waves tend to injure the work by the imprisoned air inside th« 
hearting finding no means of escape, and forcing up the roadway. 

Generally, loose rubble hearting in a sea wall of this type is a 
source of weakness. 
;ffect of TIic effect of " back draught " is, among other things, to cause » 

aclninughi. (.grta;,, amount of rarefaction in the surrounding air, which may 
tend to push stones outwards from the face of a sea wail, causing 
projections which ultimately may load to serious consequences. 
The stones, therefore, OTi the face of a sea wall may be subjected to 
pressure dne to simultaneous expansions of condensed air behind 
and rarefaction in front. 
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Jefore diamissiiig the subject of wave iiction, wc have to consider 
^nature i>f wave force in plan. The following general principles 
B been laid down by experienced engineers : — 
' H = Height of waves which produee maximum effect due to the 
line of maximnm ex|>uBure. 
X = Grcatest force brought to bear upon a pior. 
iDa = aine of the angle formed between direction of piers and 

line of maximum exposure. 
Tien resolving normally to the piers, X vai-ioH as sin- n, and 
Rtg the piers o-s sin^ a. 
t has been recommended by experts that pier.i should be lai<l out Angle of p 

1 to form a horizontal angle of not more than 35' with the 
^ieet billows. Gcmu-ally, wc conclude that the most exposed 
» arc those where the waves generated in tho lini 
b strike tho shore at right angles. 
"ives are most destructive when their destruction coincides with Effect d 
^principal tide currents. " Wherever there is a tide current, tho °'' 
"\ mo™ or less partake of tho properties of waves of 
)ilatiun." (Stevenson). 

) the complicated question of tide currents and the modifica- 
8 produced by the shore conliguratiun it is not proposed to bore 



Design of PUrs and Sea WnlU. 

Baving diaeiissed briefly the forces which ussail works on the Dtuugn. I 

t-shore, the next subject for consiileration is the arrangement of 
EFle design of a pier or sea wall. It will be sufficient tu confine 
attention to piers or sea walls, and not to breakwaters, as the 
latter are not likely to be constructed by R.E. otficeis, 

(1). PrHiminaries in Si-tllimj the Plan. — A gooti chart of the site is Prelimi 
necessary, and the actual poeitioii of the pr'oposed work should be 
surveyed with soundings shown as accuratoly as possible. Sections 
of the sea bed may i-equire to be taken piirallel to the coast, as well 
;i.s along the line of the proposed work. 

A thorough examination of the nature of the bottom on which 
I lie slnicturc is to be founded is absolutely essential. The neglect 
of this has Iwon «hown by failures. Stntcturcs have been founded, 
for instance, on a layer of rock overlying a substratuni of clay, 
where serious damage has subsequently resulted by slipping of the 

ty. 

p It must be remembered that sufficient depth will bo rcipiired at 
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the lowest tide for vessels to come alongside the pier. With tliis 
proviso, it is well to build on shoal ground as far as posribK 
Ian of piers. In plan the pier should be, if possible, convex in the direction of 
maximum exposure, but in any case should not be either concave or 
prcscTit abrupt re-entering angles in that direction. 

In the alignment of a sea wall the sinuosities of the coast should 
not be too rigidly followed along high- water mark. If this is done, 
not only a longer line will result, but also concave curves will be 
presented to the action of the waves, and will be a eonrce of 
weakness. If the line be carried across minor indentions, the 
foundations of the wall will no doubt be deeper, but the ultimate 
result will be better than if the coast line had been adhered to 
throughout. 

AdvaTitage should be taken of any natural features of the site, 
such as ridges of rocks, etc., arid the design should be adapted to 
suit them. 

As regards the design of the pier-head, the following points may 
be noted : — {n). As the pier-bead is situated in the deepest water it 
will be the most exposed part of the structure, (b). It has only 
support from other parts of the structure on the landward side* 
(r). It is subject to rough usiige from vessels coming alongiide. 
Hence of all parts of the structure especial care should be devoted 
to it, and additional strength given in some way or other according' 
to circumstances. 

There is frequently a h'ghthousc at the end, generally there i» 

a parapet wall (with masonry piers) t<^ 
l)rotect the roadway, and there ara 
Xiaht ^^<>ll«ii*<ls, rings, and pawls for mooring 
vessels (these should be hollow, to act 
as air-valves for confined air in the 
hearting), cranes or capstans for lifting 
stores, and lanrling steps in sheltered 
positions. /-V^/s. iMG, 'IM and 2-1^8 sho^' 
some plans of pier ends. Phxtt XXl * 
shows a T pier designed for landiOa 
stores, which has l>eon in use for a goO^ 
many years. The tramway line wa^ 
desij'ned to carry a movable cran^ 
This pier is obviously not suited for an exposed position. 
?cti(>n of (2). Profili'. of Frrfiral Sedinn. — Where the jfhui of a wall is either 

on a a convex curve, or with straight sides and salient angles, 8j)ecuB' 
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care must be taken to strengthoD the foundations at the salienta, 
because of the increased rcout at those points. 





Fig. 247. 



Fiff. 248. 



A vertical wall ia generally unsuitable for a sandy beach on 
account of the scour at the toe. Mr. Stevenson recommends e 
cjcloidal section, as shown in Fig. 249, which may practically be a 




Fig. I' 



vertical wall connected with a horizontal apron by a quadrant of a 
circle of sufficient radius. The disadvantage of this form consists of 
the wedge-shaped stones, since the impact of the waves tends to 
drive the wedges inwards, in the same way as a blow delivered at 
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the intradoa of &n arch. Therefore, in such cases, the hacking u y& 
great importance. It is evident, also, that a curved fonn which 
may bo very suitable at one state of the dds may not be equally 
good at another. 

The iTOss-Eections of breakwaters are divided, by writers □□ the 
subject, into two main types: — (1), mound type; and (2), vertial 
type. 

1. Of these, the former will very rarely apply to piers. It may 
be cither a simple mound of rubble or concrete blocks, thrown »t 
random into the sea, or a foundation of such random blocks with * 
Buperstnicture carefully built above. Plymouth breakwater is mi 
example of the former, and Portland of the latter {vide Molesvorik's 
PockH Book, p. 330, Edition 1893). 

2. The vertical type is that with which we are here more 
especially concert el It has the following sub^divisions : — - 

1 . \ ert cal wall w ith or without slight batter (Fij. 250). 

2. C ined or talus wall {tig. 251), 




^^ 



Fig. ilSO. 



Of these, the vertical wall is best when (a) fouudations are good 
and hard, e.g., a rocky bottom ; {h), when good materials are scarce ; 
('■), when the stone is easily worked, e.g., stratified rocks; (fOi 
hearting stone scarce. 
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) tnliia wall woiiM bo suitable when (a) the foundations are 
>r sandy ; (''). when the atone for the face work though 
indant ia not easily worked; (c), when tho hearting Etonc is 
mtifiii. 
f In any case loose hearting must be avoided. 




) with an outer framework of timber, or iron rails, filled with 
utble or concrete ; or (ii,) with muss concrete wholly or in part ; or 
EL) with masonry or concrete outer walls, filled with dry nibble 
irting ; or (iv.) wholly of concrete biocka. 
vOf these, (i.) is a cheap and useful form where tho water is 
IJJlow and the seas not heavy. This type is often used for works 
cwhat temporary character. A typical section of such a 
ic is shown on Fi^. 252. 

1. '253 shows a pier formed of a mass of concrete below low 
■, then blocks up to above high-water level, then mass concrete 
:. The foundation is aggregate grouted. 
U 254 shows a section of (iii.) (Kilrush Pier, built by 
Wt-Colonel Jones, R.K.). 

Kfae special advantages of (iv.) need not hero bo eniimeruted. It 
.B that the larger the blocks the better, and in rough 
ither tho workmen may bo employed in the construction of 
Kks on shore, to be ready for dejiosition when weather permits. 




J-'ig. 253. 
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The following practical points flbould be attended to in con- 
raction: — 

The facing stones should be uniform in size, truly bedded and Pr»ctic»l 
mted, all interstices being well filled with mortar, and carefully Swrved. 
mded into the backing as the work proceeds. 




Fig. 254. 

iThe hearting should be free from earthy matter ; it should never 
I tipped indiscriminately. Long stones should be laid lengthwise, 
jd large boulders should be rejected. 

lit has been found that fine workmanship on the face of the 
ksonry is a positive disadvantage. There is nothing to be gained, 
prefore, by spending money on extra dressing. Fi-ofessor Kankine 
commends "hammer-dressed ashlar, or a block-in-courae face, 
jeked with coursed rubble, or with strong concrete, the whole 
lilt in strong hydraulic mortar, and the out«r edges of the joints 
Id in cement." 
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ABUTMKNTpiora, (Icsign of, etc., 237 

Trautwine's rules, 239 

Abutments, stability of, 242 
Abutment walls, service reservoirs, 

293 
Action of sea-water on cement, 299 
Anchorages for suspension bridges, 178 
Application of braced girders to road 

uridges, 135 
Arch, considered us an inverted chain, 

214—220 
Arch ring, construction of, 244 

piers, thrust on, 23o 

Arched ribs, 150 
Arches, 213 

design of, 238 

terms used, 215 

flattening at haunches, 217 

how to destroy, 237 

concrete, 245 

groined, 247 

stability of, condition, 241 

centering for, 247 

Arching, Monier system of, 245 
Ardagh, Sir J. C, equilibrium bridge, 

197 
views on masonry dams, 292 

t 

Back DRAUGHT, effect of, on sea walls, 
306 

Backstays for suspension brid|;es, 178 

Baker's experiments on wind pres- 
sure, 00 

Barra Bridge (bowstring), 148 

Bate's portable bridge, 139 

letter on bridge piers, 212 

on retaining walls, 250 

Beams, continuous, example of, 21 

fixed, 1 

example of, 17 

trussed and strutted, 95 

Bolts, spikes, etc., holding power of, 
211 

Bouzcy dam, failure of, 281 



Bowstring girders, 144 
Braced iron arches, 158 
Breakwaters, construction of, 313 

types of, 312 

Bridge piers, masonry, 237 

timber, 203—207 

Bridge, Tay, failure of, 203 

Hurroo, 110 

concrete, at Munderkingen, 214 

Braced girders, examples, 135 

fixed and continuous, 128 

investigation of (Lathom), 118 

(Claxton Fidler), 118 

(Clerk Maxwell), 118 

parallel flanges, 116 

Bridges, cantilever, 192 

decking of wooden, 211 

flooring, forms of, 91 

in Chitral, 193 

in Himalavas, 182—193 

movable, bascule, swing, tlraw, 

floating, 195 

trestle, loads, stresses on, 204 

Buttressed walls, arches, 266 

Cablkh for suspension bridges, 163 
Camber in trusses, 112 
Cantilevers, braced, stresses on, 126 
Cantilever bridges, 192 

of braced type, 126 

Capper,' Captain, on suspension 

bridges, 182 
Cast iron exposed to sea, 301 
Cement, action of sea- water on, 299 
Claxton Fidler's solutions of tixed 

beams, 29 
Coefficients of friction, building 

materials, 251 
Columns, batter of, 212 

soleplate for base, 203 

steel forms of, 203 

Continuous beams, 21 

Counterforts, 244 

Cross girders, distance apart of, 46 
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Crown of arches, thicknam at, 

237—238 
Currents, effect of, 309 

Dams, arche<l, 202 

reservoir, 274 • 

theory and principles of design 

Deflection of fixed beams, 4 

of framed structures, 110 

relation between M# and, 36 

Demolition of arches, 237 

Depth at crown of arches, 237 — 238 

Domes, 247 

Drawbridge, Sir J. C. Arda^h's, 197 

Dredge's system of slopmg rods 

(suspension bridges), 171 
Dynamic effect of rolling loads, 44 

Earth, angle of repose of, 251 
Karth filling on arch, distribution of, 

232 
Example of beam continuous over 

three spans, 26 

two spans, 



2r» 



of bowstring girder, 147 

of braced giriler (parallel) of tim- 



ber, 135 



of btecl, 140 



of cantilever bridge, 194 
of framed floor, 17 




of masonry arch, 238 

of plate gii-der bridge, 78 

of retaining wall, 267 

of strutted beams, 109 

of suspension bridge, 108 

of truck rolling over a bridge, 54 

of trussed iMjama, 99 — 103 

of uniform rolling loads on 

bridge, 50 
ExiHjriraents in wind pressure, Forth 

Bi-idge, 60 
Exi)osun) to wave action, 302 
i^trados, definition of, 215 



FrxEi) beams, 1 

examples of, 1 7 

graphic solution, 5 

Fixing, a<lvantages of, 4 
Framed structures, deflection of, 110 
Friction, coetficieiit of, 251 
Funicular polygon, arched rib, 152 

(fiRDER bridges, plate, 65 
Girders, braced, with parallel flanges, 
116 

bowstriuK, 144 

weight of, 142 



Graphio diagFuna, bo 

" ■ — — braced ffirdsn with 
flanges, 126, and Piaie VL 

solntioDt coatinnoda baamiv 



29 



fixed beams, 6 



Grouting in sea defongea, 900 

Haunch, definition of, 216 
HorizontEd thrust, joint of, in archsir 

224 

value of, in arches, 234* 

unsymmetrical losuding on 

arches, 226 
Hurroo Bridge, 1 10 

Inhtancbs of wave force, 905 

Intrados, definition of, 215 

Iron braced arches, 150 

Iron, cast and wrought, exposed t» 

sea, 901 

wrought, market sectiona, 68 

working stresses in bridMS, 

67 

.Tettiks, 301 

tfoint of horizontal thrust, 224 
Joints in plate ginlers, etc., 72 
example, 86 

Lancj, Col, 194 

Least resistance, principle of, 223 
Limit of wave action, 905 
Limits of iron and steel plates, etc^ 
68 

of pressure on arch rings, 

223 

Line of resistance by graphic method^ 

231 

in an arch, 224 

limits of, 229 

ste])s in investigation 

of, 227 
Live load units for railways, 45 
Load contour, 223 

diagram on arches, 239 

Loads on arches, external, and dii*ec- 

tion of, 232 

passing, distribution of, on 

arches, 234 

Main girders in bridges, 82 

Major Macdonahl's graphic solutions, 

fixed l>eams, 4 
Masonry dams, 274 
Monier system of arching, 245 
Mooring cables, suspension bridges, 

180 
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^ATUUK of stresses in braced parallel 

ginlers, 119—121 
of thrust in retaining walls, 254 

)lvi^saa (Iceland) suspension bridge, 
172 

r'ANELS, definition of, 118 

Parallel flange girders, 116 

'assing loads, distribution of, in 

arches, 234 
*ennvcuick. Col., views on dams, 283 
^erivar dam, 274—283 
*iurhoAd, 310 
*iers and jetties, 309 

design of, 309 

for arches, thrust on, 230 

iron, 203 

fastenings of, 208 

steel, 203 

timber, 203 



*late girders, 65 

effective length, 71 

graphic methods of design, 

75 

joints in, 71 

practical considerations, 68 

shearing stress, 73 

steps in design, 71 

'ortable liridge (Major Bate's), 139 
'ratt truss, 117 

•Iailway bridges, live loads for 

(Haker), 45 
'Cedundant members, 96 
ieiK>se, angles of, 251 
Reservoir dams, 274 
according to French writei-s. 



•J7.) 



to Kankine, 276 



arched, 292 

according to Col. Penny - 

ciiick, 279 

to General Mullins, 



280 



281 



to General Wray, 277 
to M. Bouvier, 277 
to Professor Kreuter, 



2S2 



to Professor Unwin, 



— to Sir (Juilford Moles- 



worth, 278 



to TudslK'ry Turner 

and Briglitmoru, 290 
iesiHtance, line of, in arclies, 222 
ietainiug walls, 250 
conditions of stability of, 

252 



Retaining walls, design of, 260 

earth thrust, graphic 

methods, 258—273 

- examples of, with surcharge. 



270 



267 



of without surcharge 



failure of, 255 

for particular cases, 264 

foundations of, 263 

Rankine*8 theory, 256 
Scheffler's theory, 255 



Rolling loads, 43 

braced girders, 130 

dynamic effect, 44 

examples of, on bridge. 



50—52 



lateral effect, 56 
statical effect, 46 



Rules for ascertaining stresses in sym - 
metrically loa<led cantilevers, 126 

Rules for ascertaining stresses in sym- 
metrically loaded girderis, 121 

Rupture, angle of, in arches, 219 

joint of, in arches, 218 

Scheffler's principle of least resist- 
ance, 224 

Sea defences, 298 

materials for, 298 

Sea walls and piers, design of, 309 

Sea wat^jr, action of, on cement, 299 

Service reservoirs, 293 

Skewl)ack, definition of, 216 

Sottit, 215 

Spandril, 216 

Springing, definition of, 216 

Stability of arches, 222 

Static effect of rolling loads, 46 

Steel wire hawsers, strength, etc., of,. 
164 

Stiffening girders, design of, 188 

example of, 168 

Strength of existing parallel girder, 

J Ot' 

Stresses in symmetrically loa<led 
cantilevers, 126 

ginlers, 121 

Strutted beams, 106 

r>UKi)eniiion bridges, 162 

anchorages, 1 78 

intluences of temperature, 

173 

inclined bars, 172 

mooring cables on back- 
stays, 177 

principle of inverted, ap- 



plied to arches, 214 
sloping rods, 171 
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Suspension bridges, stiffening girders, 
1«8— 188 

Tower's, 178 

wind pressure, 182 

Temperatcrb, influence on suspen- 
sion bridges, 173 
Thrust, joint of horizontal, in arches, 

Timlier, use of, in sea defences 

301 
Tower's suspension bridge, 177 
Trestles, bracing of, 210 
— — construction of details, 207 

lateral pressure against, 203 

simplest tonm, 204 

standard American, 208 



timl)cr, 203 

Truss, Howe, 117—135 
Trussed booms, 95 



Trussed beams, example in detail. 97 
general remarks on, 112 

Unit live loatls for railways (liaker. 

Unsymmetrical loailing, braced >,nr 
ders, 130 

Voussw»iiis, 21."> 

Warren ginlei-s, 117 
Water pressure, 284 
Wave action, »»2 

forces, 3015 

Wedge theory in arches, 216 
Weight of ginlors, 142 
Whin])le->lurphy truss, 117 
Wind pressure ou girder bridges. •"»*< 

on tmins, 203 

Wire huwserH, strength, etc., of, 1«>4 
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